Rahulreddy Chennareddy
Candidate

Civil, Construction & Environmental Engineering
Department

This dissertation is approved, and it is acceptable in quality and form for publication:
Approved by the Dissertation Committee:

Mahmoud Reda Taha

Yu-Lin Shen

Susan Bogus Halter

Eslam Soliman

, Chairperson

RETROFIT OF CORRODED METAL CULVERTS USING GFRP SLIPLINER

By

RAHULREDDY CHENNAREDDY
B.E., CIVIL ENGINEERING, OSMANIA UNIVERSITY,
INDIA, 2012
M.S., CIVIL ENGINEERING, UNIVERSITY OF NEW MEXICO,
USA, 2015

DISSERTATION
Submitted in Partial Fulfillment of the
Requirement for the Degree of
Doctor of Philosophy
Engineering
The University of New Mexico
Albuquerque, New Mexico

December, 2019

ii

DEDICATION

I dedicate this work to my parents, ManoharReddy ChennaReddy and UshaaReddy
ChennaReddy, my mentor and advisor, Dr. Mahmoud Reda Taha, who has given me extensive
support and guidance that was needed to succeed.

iii

Acknowledgments

I extend my sincere gratitude to my advisor and committee chair, Dr. Mahmoud Reda
Taha, for his help, guidance, motivation, and support through this program. I am honored to
work under his supervision. I thank my committee members for their support and
recommendations.

I have no words with which, I can thank Ms. Shreya Vemuganti for being my support system
along my Ph.D.

I sincerely acknowledge Mr. Ken Martiez for his help in conducting experiments throughout
my work. I am extremely thankful to Shawn Keith and Keith Kreations for the continuous help
and efforts to make my work successful.

I extend a special thank you to Dr. Moneeb Genedy for being my friend and mentor.

I thank Vishesh Ashok Umrania, for his help in conducting the corrosion testing.

A special thank you to Dr. Praveen Chander and Ishtiaque Rashid for always encouraging me.

A special thank you to all my colleagues and friends.

iv

RETROFIT OF CORRODED CORRUGATED METAL CULVERTS
USING GFRP SLIP-LINER
By
Rahulreddy Chennareddy
B.E., CIVIL ENGINEERING, Osmania University, India, 2012
M.S., CIVIL ENGINEERING, University of New Mexico, 2015
Ph.D., ENGINEERING, University of New Mexico, 2019
Abstract:
Culverts are water conveyance structures, typically used to allow water flow and maintain a
balance between the flow streams without interrupting structures such as highways and
bridges. Corrugated metal pipes (CMPs) have been used as culverts in North America since
the 1950s because of their low cost and simple construction method. Today, the corrosion of
CMPs is a major problem faced by all U.S. Departments of Transportation. There is an urgent
need to provide an efficient solution, one that is corrosion-resistant, to retrofit thousands of
corroded CMPs across the country. High specific strength, high strength to weight ratio,
corrosion resistance, and a significant reduction in the cost of material and fabrication, over
the past two decades, have made fiber-reinforced polymers an engineer’s choice material for
conditions where corrosion is a problem. In the current study, filament wound glass fiber
reinforced polymer (GFRP) pipe profile is used as a slip-on liner inside a CMP, and the gap
between CMP and GFRP is filled with an epoxy-based grout. A full-scale experimental
investigation of the load capacity of a CMP retrofitted using a GFRP profile liner is conducted.
v

We show that the proposed retrofit technique, using GFRP, develops full composite action
with CMP and works as one composite section with improved capacity and superior ductility.
Subsequently, a laboratory corrosion cell was developed to corrode a CMP to reciprocate the
field condition of a corroded culvert. Then, the corroded CMP was retrofitted using GFRP slip
liner, and a full-scale test was conducted to understand the behavior post corrosion, and the
technology post corrosion also achieved a complete composite action until the peak load. A
finite element model is developed to provide inference on the mechanics of the GFRP-CMP
retrofitted pipe section. Experimental observations verified the FE model. A design for field
implementation was developed using the proposed technique to retrofit a 24 in. diameter
existing corroded CMP. A Life-Cycle Cost Analysis (LCCA) model was developed to conduct
a cost-benefit analysis of the proposed retrofitting technique and compare it with other existing
technologies.

Keywords: Culvert, retrofit, glass fiber reinforced polymers, corrugated metal pipe,
corrosion, composites
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Chapter 1. Introduction
1.1 Motivation and problem statement
Metal culverts have served as a common structural element in highway design since the mid1950s because of their low initial cost, ease of fabrication, and simple construction methods.
There has been an epidemic of corrosion of metal culverts for the last decade. Such corrosion
results in loss of cross-section and can lead to structural failure of the culvert. Numerous
failures have taken place, thus imposing a high cost with the need to rebuild many culverts in
addition to significant indirect costs associated with highway closure. While the expected life
span of metal culverts is around 50 years, literature reports that most metal culverts survived
no longer than 30 years before the need for repair and retrofit, specifically because of corrosion.
Currently, metal culverts are repaired using a slip liner technique or using shotcrete material
as a spray-on liner. Several materials currently used for slip lining are spirally wound liners
using thermoplastic material, corrugated metal pipe, High-Density Polyethylene (HDPE),
Polyvinyl chloride (PVC), and cured in place (CIP) pipe. However, slip lining using,
thermoplastic material, HDPE and PVC have a low contribution towards the structural
contribution of the culvert due to the low strength of these materials. Mainly, these materials
help retrofit culverts with a higher crown depth, and negligible loads are transferred on to
culverts from the live loads.
Moreover, cured in place, pipes are typically made of glass fiber reinforced polymers and
provide high strength to the culvert with no grout required for the technique. However, this
technique is limited to smooth pipes. Slip lining using CMPs are still prone to corrosion and
degradation as steel liners start to corrode after getting in touch with the corroding metal
1

culverts and shotcrete cracks with water flow. Hence, there is an immediate need to develop a
cost-effective corrosion-free technique with structural strength to retrofit corroding metal
culverts. The proposed technique shall enable extending the service life of metal culverts to at
least 75 years.
Glass fiber reinforced polymer (GFRP) has become a desirable material for structural
strengthening and rehabilitation in the last two decades. GFRP is corrosion free, lightweight,
and the cost has dropped significantly with manufacturing advances. Also, GFRP does not
require additional protective coatings or maintenance. Hence, we investigate fit in GFRP
profile liner to rehabilitate the existing corroded metal culvert completely.

1.2 Objective and contribution
This research focuses on investigating GFRP as a potential material for retrofit of corroded
CMPs. Firstly, a full-scale laboratory test of a non-corroded metal culvert retrofitted with fitin GFRP profile liner was implemented. The current technology showed a complete bond of
GFRP with the metal culvert and to resist loads efficiently. To investigate the performance of
the GFRP slip liner for corroded CMPs, a CMP of 18 in diameter and 7ft. long was subjected
to accelerated laboratory corrosion using an electrolyte corrosion cell. Then corrode CMP was
retrofitted using GFRP slip liner and tested for composite action. The load-carrying capacity
of the corroded CMP was higher than the non-corroded CMP post-retrofit scheme. The degree
of corrosion tests were performed for the samples collected from the corroded CMP using a
percent mass loss method. The degree of corrosion tests showed up to 29% mass loss for the
pipe section. Complete material characterization of the GFRP pipe material and the grout
material was investigated to develop a finite element model of the composite pipe testing.
Experimental results validated the FEA model. A Life Cycle Cost Analysis model was
2

developed to compare the cost of the retrofit scheme using GFRP and compared with the
existing techniques. Currently, no such full-scale testing was conducted in the literature to
understand the mechanics and effectiveness of the GFRP for culverts retrofit is available. The
focus of the current study lies in evaluating the GFRP as a potential material for culvert retrofit
with a high service life of more than 100 years.

3

Chapter 2. Literature Review
2.1 Corrugated metal culverts
Metal culverts are flexible long-spanning piped structures that facilitate the smooth
conveyance of water bodies without affecting the structure of these water bodies and the
ecosystem. Typically, these structures are used for storm sewers, underpasses, railway, and
highway bridges. These piped structures are prefabricated using curved metal plates and
connected using lock seam [1]. Subsequently, these piped structures are buried with backfill
for easy transfer of loads and to provide stability for the culvert structure. Typically, metal
culverts are made of steel and aluminum. Because of ease of installation and low cost of
fabrication, metal culverts have gained wide acceptance since the mid-1950s. Metal culverts
also have been fabricated in different desired shapes with constant radius circle, ellipse in
horizontal or vertical directions, and arched-pipe, as presented in Figure 1 [2].

Figure 1: Different profiles for metal culverts buried in soil [2]
According to “The Status of the Nation’s Highways, Bridges, and Transit: Conditions and
Performance,” a total number of 118,394 culverts are part of the bridge inventory in the United
States itself [3]. These culverts are constructed either using concrete or corrugated steel.
However, literature reports that the actual numbers are much higher, and several DOTs are in
the process of inventory investigations [4]. Ballinger and Drake, 1995 reported several defects
of CMPs observed in the field as given below [5]:
4

•

Shape distortion

•

Misalignment

•

Joint defects

•

Seam defects

•

Circumferential seams

•

localized damage and dents

•

Durability problems

Many of the above defects can be tied to the corrosion problem of CMPs. Corrosion of metal
culverts, as shown in Figure 2, has been a considerable challenge as it excessively lowered
their life expectancy and significantly affected their serviceability [6]. The vast majority of the
culvert failures can attribute to the corrosion of metal culverts. The corrosion attack can happen
both on the inside and the outside of the culverts. The contaminants in the backfill soil,
aggressive chemical nature of flowing water along with the soil cover around the culverts,
especially with pH values less than 5.0, which is strongly acidic and pH values greater 8.5,
which is strongly alkaline. This acidity of the flowing water can be mineral or organic. For
culverts located close to the active mining sites such as coal and other mines, Sulfurous wells
and springs. The alkalinity of the water streams arises from limed and fertilized fields and
strong minerals present in the soil. These acidic and alkaline environments have a severe effect
on the metal culverts [7, 8].

Literature shows that life expectancy for metal culverts is around 50 years [9]. However, heavy
corrosion dropped this life expectancy to lower than 30 years, creating significant financial
overburden on metal culverts [9]. A Transportation Research Board (TRB) report in 2004
5

indicated that the failure of metal culverts had been significantly increasing all over the
country. Failure of metal culverts is a relatively expensive event. Pictures of failed, corroded
metal culverts are presented in Figure 3. The high cost attributed to rebuilding metal culverts
is not only related to materials and construction cost, but also to costs associated with the
closure of roads to reconstruct failed culverts and traffic delay [10]. Therefore, it is recognized
that retrofitting metal culverts is a viable alternative to complete replacement.

Figure 2: Corroded metal culvert in New Mexico [Picture courtesy: NMDOT]

Figure 3: Failure of corroded metal culverts
6

2.2 Culvert retrofit techniques
Engineers and stakeholders prefer to retrofit existing culverts rather than replacing them
because of the complexity associated with un-backfilling, deconstruction and reconstruction,
and re-backfilling. Discussed below are some of the culvert retrofit techniques outlined in the
literature.

2.2.1 Slip-lining
A new pipe that is smaller in diameter than the host pipe is slid inside the existing host pipe.
The annular space between the host pipe and the slip liner is filled using a cementitious grout
material. Once the grout material is cured, the culvert is ready for service. Essentially any pipe
material can be used as the slip liner. HDPE, PVC, centrifugally cast glass fiber reinforced
polymer mortar pipes, and CMPs are the prominent materials used for the slip-lining technique
and shown in Figure 4. Below are the outlined steps for the slip-lining process explained by
Ballinger and Drake, 1995 [5]:
•

Inspect the culvert for any diameter changes along the length of the culvert,
connections, protrusions, and sediments.

•

Determine the type of material for the slip-lining and the diameter of the pipe

•

Clean the culver to clear out any sediments present

•

Control the water passage by setting up a flow bypass where necessary

•

Any necessary repairs must be conducted for the existing culvert such as embankment
repairs, identify and fill the voids

•

Construct a guide path to ensure the location and facilitate the slip-lining into the host
pipe.
7

•

Install the continuous slip liner into the host pipe

•

A 24-hour relaxation period is recommended upon completion of slip-lining followed
by inspection for any leakages or other tests where necessary

•

Stabilize terminal connectors for the grout and fill the annular space with an appropriate
grout material and allow to cure

•

Restore the flow and perform site cleanup as necessary

Several case studies of the culvert retrofit using slip-lining are explained in the literature [7].

Figure 4: Culvert retrofit using HDPE pipes [11]

2.2.2 Cured in Place Pipe (CIPP)
CIPP relining is carried out using a flexible pipe material saturated in a thermosetting polymer
resin is inserted into the host. This flexible pipe is expanded with the help of compressed air.
The thermoset resin is allowed to cure either in ambient temperature or elevated temperature
for the pipe section to bond to the host pipe. The flexible pipe material used here is glass fiber
reinforced with the thermosetting resin. A detailed review of the technique is presented
elsewhere [7]. High upfront cost due to heavy construction equipment and technical workers
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is the main limitation of this technique. It is difficult to clean the host pipe of the corrosion
product completely, and this may cause problems with the bond between CIPP and the host
pipe. Several site challenges and case studies are presented elsewhere, and the expected service
life of the technique is 50 years [7]. Example CIPP lining is shown in Figure 5.

Figure 5: CIPP lining system by United Kingdom Society of Trenchless Technology [12]

2.2.3 Sprayed-On Liners
Using shotcrete mortars using chopped fiber reinforcement is a common practice to retrofit
corroded metal culverts since the mid-1980s. Several other materials gained acceptance over
the past decade, especially polymer-based coatings such as epoxy, polyurethane, and polyurea
[13]. This technology applies to all the culvert types and shapes. However, the spray-on liners
act as a sacrificial layer, and cracking of the layer is a significant problem.
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Moreover, shotcrete loses cross-section due to water flow abrasion. This technique does not
offer a comprehensive retrofit for existing corroded culverts; accessing the inside of the smalldiameter culverts is a challenge. A more detailed review of the technique and case studies can
be found elsewhere [7].

2.2.4 Pipe Bursting
Pipe bursting is another trenchless pipe replacement technique. The deteriorated culvert pipe
is burst using a bursting tool that beaks the pipe into fragments while simultaneously pulling
in a new replacement pipe directly. The pipe bursting is conducted using a static pull or
pneumatic system [14]. This technique is most suited for concrete pipes as it is a challenge to
burst corrugated metal pipe. Special equipment is necessary to remove a corrugated metal pipe
using pipe bursting. The main limitations of this technique are causing ground settlement and
ground heave, especially in denser sand. Moreover, pipe bursting is not applicable when
sagging is observed with the host pipe.
Of all the above-discussed techniques, slip-lining is the most commonly used technique for
comprehensive retrofit of metal culverts. The challenge is that the metal liner is still prone to
corrosion. Material like polyvinyl chloride (PVC) pipes and high-density polyethylene
(HDPE) pipes have gained acceptance as slip line material [15]. The literature identifies that
HDPE, being a thermoplastic, viscoelastic material, its long-term strengths are significantly
low [4]. Moreover, several reports presently exist indicating the problems of HDPE and PVC
pipes when used for new culverts [16, 17]. A study investigated 191 HDPE pipelines in 10
different states in the USA and recognized that the structural health of all the tested culverts is
well below the structurally acceptable service level [16]. Currently, no literature is available
on the actual service life of using HDPE and PVC pipes for retrofit.
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2.2.5 The hydraulic capacity of retrofitted culverts
The above-discussed methods are typically used for culvert retrofit. However, it is important
to consider the hydraulic capacity of culverts before conducting a retrofit for an existing
culvert. The reduction in hydraulic radius is a common phenomenon of slip lining a culvert.
However, the pipes currently used for retrofitting, such as HDPE and GFRP filament wound
sections have much lower surface roughness coefficient. This is typically identified in the form
of a Manning’s coefficient. The Manning’s coefficient of a CMP is 0.022 which is typically
the host pipe, and the Manning’s coefficient for GFRP is as low 0.009, and for other
thermoplastic pipes is in the same order. Therefore literature indicates that no loss and increase
in hydraulic capacities can be achieved by using GFRP [7, 11]. Several field investigations
were conducted to study Manning’s coefficients, and the effect of thermoplastic smooth slip
lining materials for retrofit corrugated metal pipes was higher or equivalent to the host higher
diameter pipes [7, 18].

2.3 Fiber-Reinforced Polymers
Fiber-reinforced polymers (FRP) are made of a polymeric matrix, typically polyester, vinyl
ester, and epoxy reinforced with synthetic fibers like glass, carbon, basalt, or aramid fibers.
With improved manufacturing techniques and low cost, glass fiber reinforced polymers
(GFRP) have emerged as a desirable material for structural applications. GFRP is essentially
corrosion free as it has no electrochemical effect. This makes GFRP a preferred material over
steel under harsh environmental service conditions. A detailed review of FRP materials for
structures can be found elsewhere [19]. FRP has gained wide acceptance for retrofitting
existing structures (bridges and buildings) because of ease in installation and high strength to
11

weight ratio. Shear and flexural strengthening for structural concrete using FRP became
standard practice. Design guidelines for using FRP in concrete structures are detailed in the
ACI-440-2R-17 [20]. However, using FRP to retrofit metal culverts is relatively new and very
few investigations were completed. There are no existing design guidelines to use FRP as a
material for retrofitting metal culverts using slip lining technique.
GFRP profiles have recently been used for pipeline applications, specifically for geothermal,
drainage, industrial waste, and sewage pipelines due to the corrosion-free nature of the
material. GFRP has become a desirable material because of the material’s ability to resist
corrosion and serve in harsh environments [21]. The design life expectancy of GFRP pipelines
ranges between 75–100 years. Therefore, GFRP retrofitted culverts might achieve 75–100
years of life expectancy. Unlike PVC and HDPE systems, GFRP profile liner production uses
filament-winding technology and thus can be fabricated in many desired shapes not limited to
circles and cross-sections, and with optimized fibers’ orientation to attain specific strengths.
Full composite action between GFRP and steel is critical to ensure that forces applied on the
steel culvert are transferred and resisted by GFRP.
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Chapter 3. Experimental Methods
3.1 Materials
3.1.1 Corrugated Metal Pipe (CMP)
A 90.0 in. long, 18.0 in. diameter, and 0.064 in. thick CMP was chosen for retrofitting and
testing in the laboratory. The choice was based on using a CMP similar to that available in the
field and is possible to be tested for its composite capacity in the lab. The CMP was acquired
from Contech Engineered Solutions LLC. The CMP section was fabricated using A36 steel
and is presented in Figure 6.

Figure 6: Corrugated Metal Pipe

3.1.2 Glass Fiber Reinforced Polymer Pipe
For the fit-in GFRP profile liner, a filament wound GFRP pipe section with a length of 90.0
in., a diameter of 15.0 in., and thickness of 0.35 in. was fabricated and supplied by Sewer
Shield Composites LLC to fit the chosen CMP dimension. The GFRP pipe has fibers
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orientation in ±45 degrees along the length of the beam. The GFRP section was fabricated
using an amine-based epoxy. The GFRP profiles are presented in Figure 7.

Figure 7: Filament wound GFRP pipes for slip-line.

3.1.3 Epoxy grout
To ensure a good bond between GFRP and grout material, an amine-based epoxy grout was
selected for the retrofit system. An amine-based two-component epoxy system supplied by
U.S. Composite, Inc., Palm Beach, FL, was used along with silica filler to produce the grout
material. The primary component of the epoxy system is a low viscous liquid epoxy resin 100%
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reactive based on Bisphenol-A. The second component is an epoxy-hardener consisting of
aliphatic amine. The resin to hardener mix ratio is 2:1 by weight. Silica-based aggregate
supplied by Transpo, Inc., NY, was used as the grout filler. Epoxy and filler materials were
mixed at a 1:1 ratio by volume.

3.2 Material characterization
3.2.1 GFRP
Bidirectional GFRP composites, cut from cylindrical GFRP shell, was tested under direct axial
compression and axial tension. For each of the compression and tension tests, samples with
two configurations, off-axis and on-axis, were tested. Off-axis samples refer to fibers oriented
in 45° concerning the loading direction, and on-axis refer to the fiber orientation parallel to the
loading direction. Details of the fiber orientation and location from which the samples were
cut, along with testing protocol, are represented in Figure 8 and Figure 9 following ASTM
D3039 and ASTM D3518, respectively [22, 23]. The tension tests were conducted on the
coupon samples with dimensions 0.5 in. wide, 7.0 in. long and 0.2 in. thick using an MTS®
bionix servo hydraulic system with mechanical grips using a crosshead displacement rate of
0.08 in/min. The samples and test setup used for tension tests are shown in Figure 8(b) and
Figure 8(c). The compression tests were conducted using samples with dimensions 3.0 in.
long, 2.0 in. wide and 1.0 in. thick using Forney® compression testing machine with a
crosshead displacement rate of 0.015 in/min. The samples with relatively higher thickness were
obtained to avoid the buckling of the samples. The samples and test setup used for compression
tests are shown in Figure 9(b) and Figure 9(c).
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Figure 8: (a) Fiber orientation and samples location; (b) On-axis and off-axis tension
samples; (c) experimental setup for tension tests

Figure 9: (a) Fiber orientation and samples location; (b) On-axis and off-axis
compression samples; (c) experimental setup for compression tests

3.2.2 Epoxy grout
The grout material was tested under direct tension and uniaxial compression. Static tension
tests were performed using standard dog bone shaped specimens to determine the tensile
strength and tensile Young’s modulus of the material based on ASTM D638 as shown in
Figure 10(a) [24]. A crosshead displacement rate of 0.04 in./min. was used and the direct
tension test setup with contact extensometer is presented in Figure 10(b). The uniaxial
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compression tests were conducted on 2.0 in. diameter, 4.0 in. long standard specimens based
on ASTM C469/C469M [25]. The compression test specimens are presented in Figure 10(a).
The compression tests were conducted using 0.04 in./min. crosshead displacement rate and a
120-kip Instron loading frame as shown in Figure 10(c). Strain gauges were used on two of
the five specimens to determine the compression Young’s modulus of elasticity of the grout
material.

Figure 10: (a) Tension and compression test specimens before testing; (b) Tension test
set-up with a contact extensometer; (c) Compression testing setup.

3.3 Design of Experimental Set-up
The loads experienced by culverts are self-weight, soil loads, and live loads (traffic, trains,
aircraft). The primary objective of the study is to test the composite action of the steel-groutGFRP culvert. To investigate such an action, a simply supported beam was chosen for the pipe
testing. Since differential settlements in soil, shown in Figure 11, is one of the reasons for
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bending in the pipeline [26], the simply supported condition was a reasonable protocol. The
pipe section has a span length of 6 ft. which is typically the tributary area under truck wheel
load since highway lane width is 12 ft. as shown in Figure 12. Consequently, the live load
effect was created by a point load application at the mid-span location simulating a truck wheel
load.

Figure 11: Bending of a culvert in the longitudinal direction due to settlement in soil
[26]

Figure 12:Truck wheel load transferred to the culvert
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3.4 GFRP slip-line procedure
To fit in the GFRP pipe into the corrugated metal pipe, surface grinding of the GFRP pipe
(Figure 13), using 80 grit sandpaper, was ensured. This maximizes the bond with the epoxy
grout. GFRP pipe was thoroughly washed using a water jet to remove any debris present on
the surface. A wood spacer, as shown in Figure 14, was created and bonded to the steel pipe
using thick epoxy. The GFRP pipe was slid into the corrugated metal pipe. The gap between
the GFRP pipe and the wooden spacer was then filled with a thick epoxy to seal any remaining
gaps completely. Figure 15 presents the section after the GFRP pipe is fitted inside the
corrugated metal pipe.

Figure 13: Surface preparation of GFRP pipe; (a) Smooth and glossy surface; (b)
Surface grinding using 80 grit; (c) Rough Surface after grinding
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Figure 14: Wood spacer bonded to the corrugated metal section
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Figure 15: Post sliding the GFRP pipe into the corrugated metal pipe using wood
spacer; (a) Showing completely sealed gap between GFRP and the CMP; (b) Showing
grout hose for pumping grout

3.5 Grouting:
An amine-based two-component epoxy system supplied by U.S. Composite, Palm Beach, FL,
was used as grout along with a filler material. The primary component is a low viscous liquid
epoxy resin 100% reactive based on Bisphenol-A. The second component is an epoxy-hardener
consisting of Aliphatic Amine. The resin to hardener mix ratio is 2:1 by weight of the epoxy.
T-48 polymer concrete filler supplied by Transpo, Inc., has been used. The epoxy and filler
materials were mixed at a 1:1 ratio by volume. The mixing procedure is outlined in Figure 16.
A manual grouting pump CG-050M was acquired from ChemGrout, Inc.
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Figure 16: Mixing and grouting procedure; (a) Mixing 2 part epoxy for 3 minutes; (b)
Add silica-based fill material; (c) Mix for 3 to 5 minutes until a slurry is formed; (d)
Pore mixed epoxy into grout pump hoper; (e) Pumping grout into the annulus; (f) After
complete filling expelled epoxy from the other grout hose
Using a grouting pump, the grout was pumped through one hose until it was expelled from the
other hose, ensuring grout fill between GFRP and steel pipe. Extra grout was pumped anyway
until hose was overflowed, thus ensuring complete fill.

3.6 Testing CMP Retrofitted with GFRP Slip-Liner
A 3-point bending test was conducted on the CMP section retrofitted with GFRP profile liner.
The objective of the test was to determine the level of composite action between the CMP and
GFRP and to determine the ultimate load capacity and modes of failure of the retrofitted CMP.
A special test setup was designed with semicircular striped loading and reaction points to allow
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one hinge support and one roller support. These support conditions aimed to avoid any axial
stresses developed in the CMP-GFRP section. A 400-kip Instron loading frame was used to
perform the test of the composite section. To accommodate in the laboratory loading frame, a
W12x96 section was acquired to ensure a negligible deflection of 0.005 in. and the section
under load up to 150-kip force. Two semicircular supports were designed and fabricated to
have a mechanical hinge and bolted to the W beam section. These semicircular supports were
used to allow bending in the desired direction, with one support acting as a hinge and the other
support acting like a roller to avoid any axial forces within the section. The experimental setup
is presented in Figure 17. A crosshead displacement rate of 0.012 in./min. was used for testing.
Linear Variable Displacement Transducers (LVDTs) were placed at mid-span section to
measure the deflection of the composite beam and at the end section to observe any debonding
and end slip between GFRP, grout material, and CMP as shown in Figure 18. Strain gauges
were used to measure the strain in the GFRP and steel materials. Detailed experimental
instrumentation is presented in Figure 19. The data were recorded at a sampling frequency of
10 Hz, and the test continued for 5 hours and 6 minutes to failure.
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Figure 17: Experimental set-up for testing CMP retrofitted with GFRP profile liner
under three-point bending

Figure 18: Figure showing the placement of LVDTs to measure; (a) Midspan deflection
and (b) End slip.
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Figure 19: Experimental instrumentation used for testing showing strain gage location

3.7 Laboratory corrosion of CMP
The CMPs are typically made of aluminized and galvanized steel. The CMP used in this study
is a galvanized steel pipe. The steel is hot-dipped in a zinc oxide material to have at least a
0.005 in. thick layer as per ASTM A760/A760M-15 [27]. Zinc offers good resistance to
corrosion at a relatively low price, and Zinc oxide itself acts as a self-sacrificing layer in the
event of contact with high corrosive materials typically called as the barrier layer action [28].
To accelerate and produce an evenly distributed pipe corrosion, the zinc oxide layer was
removed both inner and outer surface of the pipe. Using internal and external blasting of the
pipe the galvanization layer was removed as shown in Figure 20 and Figure 21. Internal
blasting is a well-renowned technique used by machinists to remove the galvanization layer of
the pipes.
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Figure 20: Schematic representation of internal blasting [29]

Figure 21: Corrugated metal pipe subjected to internal and external blasting; (a)
Complete pipe section outer view; (b) Complete internal view of the pipe; (c) Close in
image of the outside surface; (d) Close in image of the inside surface.
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The corrosion process for the pipe was conducted by creating a corrosion cell in the laboratory
conditions. Corrosion cell was made such that the anode material was A36 steel pipe, and
cathode material used was 304 stainless steel. The mass of the CMP acting as the anode was
43.85 kg, and the 304 stainless steel plate was 24.60 kg. The active electrolyte solution was
prepared with 15% sodium chloride (NaCl) at room temperature to provide enough chloride
ions for accelerated corrosion. Typically, corrosion cells are made using 3.5% sodium chloride
solution [30]. In the current study to simulate aggressive soil conditions, and accelerate the
corrosion process, a 15% sodium chloride solution was used. A 10 ft. long 12 in. deep tub was
used to submerge the CMP pipe and stainless-steel plate in the electrolyte solution. A 30 Volt,
10 Ampere DC power supply was used such that CMP pipe acts as the anode, and the 304
stainless steel acts as the cathode as presented in Figure 22. The measured potential difference
within the electrolyte cell varied between 4.56 V and 8.2 V. A similar corrosion cell has been
used in the literature and showed a good accelerated corrosion process [30-32]. The CMP was
submerged only to a depth of 6 inches. The pipe was rotated every 48 hours to ensure
circumferential internal and external corrosion of the pipe like field condition. A water fountain
pump was placed inside the CMP during the corrosion process with a digital programmable
electric timer to simulate splash and accelerate internal corrosion, as shown in Figure 23.
Cycles of two hours of water pumping and two hours of idle time were programmed
continuously along the corrosion process. The intent was to produce splash zone where
significant corrosion similar to that occurring in the field can be observed.
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Figure 22: Electrolyte corrosion cell

Figure 23: Fountain pump to simulate splash inside the culvert
The accelerated corrosion cell was kept running continuously for 20 days period while rotating
the pipe every 48 hours. Significant visible corrosion and visible loss of cross-section was
observed on the two ends of the CMP and the length of the pipe decreased. Therefore, the
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corrosion process was stopped after 20 days. The corrosion cell set up at the end of 20 days is
presented in Figure 24 indicating significant corrosion and loss of cross-section to the ends. A
figure comparing the pipe before and after corrosion is presented in Figure 25. Internal and
external corrosion of the CMP is presented in Figure 26.

Figure 24: Corrosion cell at 20 days

Figure 25: CMP before and after corrosion
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Figure 26: (a) Internal corrosion of the metal pipe; (b) External corrosion and loss of
section for the two ends of the metal pipe

3.8 Retrofit of corroded CMP
The initial length of the CMP pipe before corrosion was 90 in. After corrosion, the pipe length
reduced to 84 in. losing approximately 3 in. on each end of the pipe. Moreover, several
irregularities with the loss of cross-section were observed at the end locations of the pipe as
shown in Figure 27. The span length for the three-point bending test for the study is 72 in. To
provide sufficient overhang for testing and prevent shear failures, it was necessary to retrofit
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one end of the beam using Carbon Fiber Reinforced Polymers (CFRP) with a wet layup
technique. This similar wet layup technique can be used for retrofitting of field culverts where
necessary. The surface cleaning was conducted using a metal grinder as shown in Figure 28
(b). Then, wooden guides were installed within irregularities of the end section to facilitate the
placement of wet CFRP. A two-layer C200-HM unidirectional CFRP fabric was saturated in
the epoxy resin and applied on to the end section to attain a circular pipe profile. The retrofit
methodology is outlined in Figure 28.

Figure 27: Corrode pipe end; (a) before surface cleaning; (b) after surface cleaning

Figure 28: CMP end section retrofit using CFRP; (a) Surface preparation; (b) Wood
guides; (c) Saturate CFRP fabric in epoxy; (d) CFRP retrofit
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To replicate the field conditions, the corroded CMP was not cleaned. To slip line GFRP pipe
in the corroded metal corrugated pipe, surface grinding of GFRP pipe (Figure 29), using 80
grit sandpaper, was ensured. This maximizes the bond with the epoxy grout. GFRP pipe was
thoroughly washed using a water jet to remove any debris present on the surface. A wood
spacer, as shown in Figure 30, was created and bonded to the steel pipe using thick epoxy.
The epoxy could completely seal the gap between the pipe and the wood spacer. The GFRP
pipe was then slipped into the corroded CMP. The gap between the GFRP pipe and the spacer
was then filled with a thick epoxy to seal any remaining gaps completely. The details are shown
in Figures 30 and Figure 31 respectively.

Figure 29: Surface preparation of GFRP pipe; (a) Smooth and glossy surface; (b)
Surface grinding using 80 grit; (c) Rough Surface after grinding
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Figure 30: Wood spacer bonded to the Corroded CMP

Figure 31: Post sliding the GFRP pipe into the corrugated metal pipe using a wooden
spacer; (a) Completely sealed using thick epoxy; (b) Clip-on grout hose to enable grout
pumping.
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3.9 Grouting annular space for corroded CMP:
Epoxy and Aggregate similar to that used in retrofitting the non-corroded metal pipe were used
with the same mixing ratios and methods. The same manual grouting pump that was used for
the non-corroded CMP was used. The grout pump, corroded pipe for grout filling, and the
connections before pumping are shown in Figure 32. The mixing procedure is illustrated in
Figure 33. The grout was pumped through one hose until it was expelled from the other hose,
ensuring complete grout fill between GFRP and corroded steel pipe. Extra grout was pumped
anyway until hose was overflowed, thus ensuring complete fill. The complete setup is shown
in Figure 34.

Figure 32: The pipe and grout pump setup used for grouting
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Figure 33: Grout mixing procedure

Figure 34: Pumping grout into the annular space between CMP and GFRP

3.10 Testing corroded CMP retrofitted with GFRP slip-liner
A 3-point bending test was conducted on the CMP section retrofitted with GFRP profile liner,
and the same protocol was followed as the uncorroded CMP-grout-GFRP section. The
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experimental setup is presented in Figure 35. Linear Variable Displacement Transducers
(LVDTs) were placed at mid-span section to measure the deflection of the composite beam
and at the end section to observe any debonding and end slip between GFRP, grout material,
and CMP as shown in Figure 36. Strain gauges were used to measure the strain in the GFRP.

Figure 35: Experimental set-up for testing corroded CMP retrofitted with GFRP
profile liner under three-point bending

Figure 36: (a) LVDTs to end slip of GFRP; (b) LVDTs to measure the mid-span
deflection; (c) Strain gages placed to measure the strains
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Chapter 4. Results and Discussion
4.1 Material characterization
The mechanical properties for GFRP and epoxy grout are presented in Table. 1. The
mechanical properties examined include Young’s modulus of elasticity, tensile strength, and
modulus for the on-axis (0°) and off-axis (45°) GFRP. The stress versus strain behavior of
GFRP under direct tension test is presented in Figure 37.
Table 1: Mechanical Properties of GFRP and Epoxy Grout
Parameter
Tensile strength (psi)
Tensile modulus (ksi)
Compressive strength (psi)
Compressive Modulus (ksi)

0° GFRP
54,289 ± 4033
2,794 ± 107
15240 ± 1200
NA

45° GFRP
5,479 ± 651
1,088 ± 184
10720 ± 200
NA

Grout
2,040 ± 350
659 ± 142
8392 ± 421
1,590 ± 112

The stress versus strain behavior of the polymer grout material under axial compressive and
tensile stresses are presented in Figure 38. The polymer grout behavior represents a typical
behavior exhibited by polymer concrete under compression and tension stresses [33].

Figure 37: Stress vs strain behavior of GFRP direct tension test
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Figure 38: Stress vs strain behavior of grout material under direct tension and
compression

4.2 CMP-GFRP composite pipe
The load versus deflection behavior of the CMP-GFRP composite section is presented in
Figure 39. The CMP-GFRP composite pipe was tested under a three-point bending
configuration until the final deflection reached 3.52 in. This was the maximum deflection
possible for the test configuration, so the test was terminated at that time. The composite
section was able to observe higher deflection than the maximum reported here. The load versus
deflection behavior exhibited a linear elastic behavior up to a load of 57.6 kip. At this force,
the strain data indicated a strain reading of 0.002 in./in. for steel. After this point, the behavior
was nonlinear until the peak load of 75 kip was reached. The load started to drop after reaching
the peak load. The post-peak behavior exhibited significant deformability until the test was
terminated at a maximum deflection of 3.52 in. while the CMP-GFRP system retained 62% of
the peak load at 46.6 kip. The toughness of the CMP-GFRP composite section was calculated
from the area under the load-deflection curve. The calculated toughness at the peak load was
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28.1 kip-in, and at the end of the test, it was 211.6 kip-in. This indicates that 653% higher
toughness was observed after the peak load. The overall ductile behavior of the CMP retrofitted
GFRP system can be attributed to the very ductile material behavior of the individual materials
steel, polymer grout, off-axis GFRP material, and the superior bond between both GFRP and
steel to the polymer grout material.
The composite section capacity was predicted using the transformed section properties
considering steel yielding as a failure. The capacity was predicted based on the linear elastic
behavior of the three materials, i.e., GFRP, steel (CMP), and epoxy grout from the
experimental results above. Equations (1), (2), and (3) presented below were used to predict
the capacity. The moment of inertia of the three materials can be additive due to the concentric
nature of the three sections being CMP, grout, and GFRP.
𝐼𝑡 = 𝐼𝑠𝑡𝑒𝑒𝑙 ∗ 𝑛𝑠𝑡𝑒𝑒𝑙 + 𝐼𝐺𝑟𝑜𝑢𝑡 ∗ 𝑛𝑔𝑟𝑜𝑢𝑡 + 𝐼𝑔𝑓𝑟𝑝

𝑀=

𝑃=

𝑓𝑦 ∗ 𝐼𝑡
𝑦𝑠 ∗ 𝑛𝑠

(1)
(2)

𝑀∗4
𝐿

(3)

Where, 𝐼𝑡 is the transformed section moment of inertia, 𝐼𝑠𝑡𝑒𝑒𝑙 is the moment of inertia of steel
section, 𝐼𝑔𝑟𝑜𝑢𝑡 is the moment of inertia of the grout section, 𝐼𝑔𝑓𝑟𝑝 is the moment of inertia of
the GFRP section. 𝑛𝑠𝑡𝑒𝑒𝑙 is the modular ratio between steel and GFRP, 𝑛𝑔𝑟𝑜𝑢𝑡 is the modular
ratio between grout and GFRP. 𝑓𝑦 is the yield stress of steel, 𝑦𝑠 is the distance of neutral axis
from top of the section, 𝑛𝑠 is the modular ratio between steel and GFRP. M is the nominal
moment capacity, L is the span length and P is the ultimate load capacity.
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The predicted load capacity of the CMP-grout-GFRP composite section, based on the above
equations and yielding of steel, was 56.4 kip, which is in close agreement with the experimental
load observed at initiation of the nonlinearity of 57.6 kip. The strain distributions in GFRP, at
the midspan section and 15.0 in from the support location, are presented in Figure 40(a) and
Figure 40(b), respectively. Because of the corrugations in CMP, the strain readings in steel
were not always very accurate, and therefore, the strain reading from the steel were not used
to establish strain distribution. As the strain distribution is always linear, the strains in steel
can be predicted. The measured strain (in./in.) in GFRP midspan location in compression at
various load levels, i.e., 20 kip, 40 kip, 60 kip, 75 kip were -0.00023, -0.00035, -0.00063 and
-0.00113 respectively. The strain readings (in./in.) on the tension side were 0.00025, 0.000688,
0.00179 and 0.00230. These strain readings indicate that a full composite action existed
between steel, polymer grout, and GFRP until the peak load and the corresponding tensile
strain was 0.0023 (in./in.). The location of the neutral axis is located at 6 in. from top of the
section at the peak load. If all the materials in the section exhibit isotropic behavior, the neutral
axis must exist at the center, i.e., 9 in from the top. However, the non-symmetric neutral axis
is mainly because of orthotropic behavior of GFRP. Figure 40 shows the neutral axis shifting
down as the load progressed to the peak load. It is also important to note that the thickness of
the grout material (1.5 in.) is higher compared to that of the steel (0.064 in.) and GFRP (0.35
in.). Therefore, the grout material will have a higher moment of inertia compared to both steel
and GFRP. The results from Table 1 also show that tensile modulus of epoxy grout is much
lower compared with compression modulus of the grout material. This justifies the downward
shift of the neutral axis. The strain readings from Figure 40 indicate that GFRP experienced
strains at 15.0 in. location from the support.
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Figure 39: Load versus deflection behavior of steel-GFRP composite beam;

Figure 40: (a) Strain profiles in GFRP at different load levels; (b) Strain profiles in
GFRP at different load levels at 15.0 in from the support
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Figure 41: Failure modes identified on the load-deflection curve of the CMP retrofitted
using GFRP profile liner and the corresponding loads. Figure insets show the behavior
at different loads. Inset (i) shows a separation of steel at point (ii) of the load-deflection
curve. Inset (ii) shows the GFRP failure due to off-axis tension at point (iii) of the loaddeflection curve.
The modes of failure of the CMP-GFRP section to the corresponding peak loads were
identified and are shown in Figure 41. First, the point at which the steel yielded is shown.
Second, the failure mode at the peak load is shown. Failure at the peak load occurred because
of the separation of the CMP joint located exactly at the mid-span section of the beam. For
CMP-GFRP composite section, compression existed on top of the beam, and maximum tension
existed below the neutral axis at the bottom farthest location. At the peak load, the strains in
GFRP reached -0.00113 in./in. in compression and 0.00230 in./in. in tension, much lower than
the failure strains of GFRP. Extrapolated strain in grout material in compression was -0.00150
in./in. and in tension was 0.00301 in./in. indicating that the grout material reached its peak
strain and may have failed. An inference is made that failure of grout and separation of joints
occurred at the peak load. Beyond this point, the strains in GFRP increased significantly. At
point (iii), GFRP on the tension side started to fail as the strain in GFRP reached 0.036 in./in.,
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which is very close to the typical off-axis failure strain in GFRP. Nevertheless, no signs of
failure in compression were observed at this point in loading.

Figure 42: GFRP failure at the end of the test
Figure 42 shows the complete failure of the GFRP at the end of the test. The separation of
corrugated steel pipe at the end of the test is presented in Figure 43. The deflected beam at the
end of the test is presented in Figure 44. The above results indicate that a full composite action
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existed between GFRP, polymer grout, and steel up to the peak load. Moreover, the first failure
was because of the separation of the corrugated steel pipe joint, with about 115% of the failure
load taking place in the GFRP.

Figure 43: Corrugated steel pipe joint complete separation at the end of the test
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Figure 44: Deflected retrofitted CMP using GFRP profile liner at the end of the test
with a total deflection of 3.52 in.

The above results prove that the fit-in GFRP profile liner was able to retrofit the CMP, and a
full composite action was developed. The proposed method for sliding the liner and filling the
gap with a polymer grout worked very well.

4.3 Quantifying degree of corrosion
Four samples from the corroded CMP were collected from several locations having different
amounts of corrosion, and one sample from the non-corroded pipe from the end location was
collected to act as the control sample C0 to act as a reference. The samples were core drilled
into the corroded corrugated metal pipe as shown in Figure 45. The five samples are presented
in Figure 46.
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Figure 45: Core sampled from close to support location (C3)

Figure 46: All the core samples collected
To study the degree of corrosion for the pipe section, the actual mass of the corroded sample
can be compared to the non-corroded sample to obtain loss of mass due to corrosion. The
procedure was conducted following ASTM G1[34]. This outlined methodology was used to
quantify the degree of corrosion of the corroded samples in terms of percentage weight loss
[35].
To remove the corrosion products from the corroded samples, a combined chemical and the
abrasive procedure was used. First, 500ml HCl of specific gravity 1.19 was mixed with 10
grams of antimony trioxide (Sb2O3) and 25 grams of stannous trioxide (SnCl2). The C0 through
C4 samples were placed in this solution and vigorously stirred using a glass rod of 0.2 in.
diameter for 20 mins. The samples were placed in a ceramic pan and cleaned off using distilled
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water. These samples were cleaned abrasively using a wire brush on a driller. The prepared
HCL solution and immersed corroded samples in the solution are shown in Figure 47.

Figure 47: (a) Prepared HCl solution; (b) Immersed core samples in the beaker
These specimens were then air-dried in an oven for 80 ℃ for 60 min, and the weight of the
samples was recorded to the nearest 0.01g. The above-outlined process was repeated for three
cycles for each sample to ensure the complete removal of the corrosion product from the
samples. The mass of each sample was compared with the control sample.

Figure 48: Core samples after three cycles of cleaning
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The mass measurements of all the samples tested are presented in Table 2. After complete
removal of the corrosion product from the samples, a percentage mass loss varied between 4%
and 29% as presented in Table 2. The core samples after complete corrosion removal after 3
cycles are presented in Figure 48.
Table 2: Mass (gm) measurements after each cycle of cleaning and mass loss percentage
compared to C0

mass
No
Cleaning
Cycle 1
Cycle 2
Cycle 3
% Mass loss

C0
grams
3.72
3.72
3.71
3.71

C1
grams

C2
grams

3.71
3.62
3.58
3.56
4%

3.66
3.50
3.48
3.42
8%

C3
grams
2.82
2.77
2.73
2.65
29%

C4
grams
3.72
3.60
3.56
3.56
4%

An approximate mapping of percentage mass loss on the pipe is presented based on the color
changes and location from which the samples were collected and presented in Figure 49. This
map was developed based on the average level of corrosion of the corrosion based on the
quantification in Table 2. Based on this mapping and the corresponding mass loss in each
region, the overall corrosion of the corrugated metal pipe was quantified as 21%. Typically,
due to the ingress of the de-icing salts, and the fact that the bottom of the CMP culvert is fully
submerged in water while the top of the culvert is in the splash zone, the top surface of the
CMP experiences higher level of corrosion than the bottom surface. Therefore, the pipe was
placed such that higher corroded surface experiences compression and the medium corroded
surface is in tension, as shown in Figure 50.
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Figure 49: Percent mass loss mapping on the corroded CMP section; (a) Plane 1, (b)
Plane 2

Figure 50: Pipe placement in the setup
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4.4 Corroded CMP-GFRP composite pipe
Load versus deflection behavior is presented in Figure 51. The corroded CMP-GFRP
composite pipe was tested under a three-point bending configuration until the final deflection
of 3.32 in. was attained. This was the maximum deflection possible for the test configuration,
so the test was terminated at that time. The load versus deflection behavior exhibited a linear
elastic behavior up to a load of 76.1 kip. At this force, the strain data indicated a strain of
0.0013 in/in for steel. After this point, a drop of the load was observed to 65.4 kip, and the
behavior was nonlinear after this point and several simultaneous drops in load capacity while
picking up the load to reach a maximum load of 83.2 kip with a corresponding midspan
deflection of 1.12 in. The load started to drop after reaching the peak load.

Figure 51: Load-Deflection behavior of retrofitted corroded CMP using GFRP liner
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The post-peak behavior exhibited high deformability until the test was stopped at a maximum
deflection of 3.32 in. while the CMP-GFRP system retained 52% of the peak load at 43.4 kip.
The toughness of the CMP-GFRP composite section was calculated as the area under the loaddeflection curve. The calculated toughness at the end of the linear elastic portion is 17.4 kipin. for a corresponding load of 76.1 kip. The toughness at the peak load was 68.4 kip-in. and
at the end of the test was 183.8 kip-in. This indicates that 169% higher toughness was observed
after the peak load. The overall ductile behavior of the CMP retrofitted GFRP system can be
attributed to the very ductile material behavior of the individual materials steel, polymer grout,
off-axis GFRP material, and the superior bond between GFRP and grout bond line on one side
and bond line between grout and steel on the other side. The strain distributions in GFRP, at
the midspan section and 15.0 in. from the support location, are presented in Figure 52(a) and
Figure 52(b), respectively.

Figure 52: Strain distributions in GFRP, at the (a) midspan section and (b) 15.0 in from
the support location
Using the linear strain distribution, the strains in steel can be predicted. The measured strain
(in/in) in GFRP midspan location in compression at various load levels, i.e., 20 kip, 40 kip, 60
kip, and 75 kip were -0.00017, -0.00030, -0.00043 and -0.00051 respectively. The strain
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readings (in/in) on the tension side were 0.00022, 0.00049, 0.00088 and 0.00124 for 20 kip,
40 kip, 60 kip and 75 kip respectively. The maximum recorded tensile strain in GFRP was
0.002 in/in. These strain readings indicated complete composite action between steel, polymer
grout, and GFRP until the peak load. The neutral axis was located at 6 in. from the top of the
section at the peak load was reached. This location of the neutral axis can be attributed to the
significant difference of Young’s modulus of the grout material in tension and compression.
Figure 52 shows the neutral axis shifting upward as the load progressed to the peak load.
Moreover, the corrosion effect with the loss of the steel cross-section and the surface corrosion
made steel to contribute lower tension force to the lever arm. The strain readings from Figure
52 (b) indicate that GFRP experienced strains at 15.0 in. location from the support.
The failure modes of corroded CMP-grout-GFRP are presented in Figure 53 to corresponding
points on the load versus deflection curve. The first drop observed with a corresponding load
of 76.1 kip and a mid-span deflection of 0.45 in. was due to the separation of the lock seam
joint of the CMP pipe. It is important to note that the strains in steel never reached the yield
strain. The lock seam governed the first failure. The next major drop on the load-deflection
curve appeared at 0.7 in. with a corresponding load of 73.9 kip. This drop in the load can be
attributed to the flexural failure of the grout. The opening of the lock seam was observed at
this point. The strain gauge at the GFRP surface in tension was completely disconnected, and
the first signs of GFRP matrix failure were observed at the mid-span location as shown in
Figure 53. The corroded CMP-GFRP composite section reached the maximum load of 83.2
kip with a corresponding deflection of 1.1 in. Beyond this peak load, severe damage in GFRP
was observed.
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Figure 53: Failure modes corresponding to points; (i) Lock seam separation; (ii)
Initiation of GFRP matrix damage, post grout failure
A compression strain versus midspan deflection is presented in Figure 54, indicating a
maximum compressive strain in GFRP was observed at mid-span deflection of 1.26 in. At 1.36
in. deflection, a spike in the compression strain was observed followed by debonding of strain
gage. Indicating the initiation of compression failure of GFRP with a sudden drop in load and
this can be observed by Figure 54 (b) with Figure 54 (a). Beyond this failure point, the
corroded CMP could still be loaded up to a deflection of 3.32 in. with a residual load capacity
of 43.3 kip. The strain data indicated that the composite action in the 15 in. from support section
existed after reaching the maximum load as well and no signs of GFRP failure 15 in. from the
support.
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Figure 54: (a) Load versus deflection behavior; (b) Midspan compression strain vs.
deflection behavior of GFRP
When the grout material failed in flexure, a single flexural crack propagated along the lock
seam position, which was observed at the end of the test. An inference that though grout
material failed, the failure was a flexural failure rather than loss of composite action of the
entire section itself. The strain data indicated that the composite action in the quarter section
existed after reaching the maximum load as well. At the end of the test, the lock seam
separation was clear, and the grout crack along the lock seam was visible, as presented in
Figure 55. The complete failure of GFRP is presented in Figure 56 at the end of the test. The
fully deflected section at the end of the test is presented in Figure 57. Cross-section postfailure is shown in Figure 58. The significant opening/deformation of the lock seam with the
corroded CMP might be attributed to the significant corrosion at the lock seam location.
Corrosion might have significantly decreased the lock seam strength resulting in premature
lock seam opening and thus high local strains in the pipe rather than global deformations. This
observation might also explain why the strains in the steel in the pipe did not reach the yield
stress.
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Figure 55: Complete lock seam separation and showing the grout crack exactly at lock
seam location
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Figure 56: Failure of GFRP at the end of the test
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Figure 57: Completely deflected beam at the end of the test
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Figure 58: Intact beam cross-section post complete failure
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4.5 Comparison between non-corroded and corroded GFRP retrofit
The load versus deflection behavior of both corroded and non-corroded CMP-GFRP sections
are compared in Figure 59. The first significant drop with load and the peak load for the Noncorroded retrofit section was at 75.0 kip with a corresponding mid-span deflection of 0.75 in.
For the corroded section, the first significant drop in the load was observed at 76.1 kip with a
corresponding deflection of 0.45 in. It is important to note that the difference is between the
two loads is not significant.

Figure 59: The comparison between non-corroded and corroded CMP retrofitted with
GFRP
The steel under tension at mid-span location, in the case of the corroded section, never reached
the yield strain of steel, and this explains its linear behavior of load versus deflection for
corroded CMP-GFRP section. The first drop of load in both cases can be attributed to the onset
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of lock seam joint separation with slightly visible separation for both corroded and non-corrode
retrofit sections.
Comparing the strain profiles, the corroded and non-corroded CMP-GFRP show that the
corroded section experiences much lower strains for the same corresponding loads Figure 60.
The neutral axis location for non-corroded CMP at 75 kip load is 6.43 in. and corroded CMP
is at 5.87 in. indicating corrosion effect on the lock seam pushing neutral axis upward.

Figure 60: Strain profiles of CMP-GFRP composite section at midspan location; (a)
Non-Corroded and (b) Corroded
Moreover, the only difference between the two beam types is that the CMP steel was corroded.
The GFRP is of the exact same configuration, and the same grout mix was used for both cases.
This indicates the effect of corrosion by steel not offering the same tensile force towards the
lever arm. As mentioned earlier, the inner surface of the CMP pipe after corrosion was not
cleaned to reciprocate the field conditions and critical scenario. However, the mechanical
interlock of the corrugations shall keep the overall composite action intact Another notable
observation, the tensile strain in GFRP mid-span location at 75 kip for the corroded composite
section was about 52% of the strain for non-corroded composite section. The midspan
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deflection for the steel separation, the first observed failure in both cases, was reduced by 40%.
Indicating GFRP-Grout contribution to achieve such high loads for corroded CMP-GFRP
section. However, unlike the non-corroded composite section, the failure of lock seam was at
little lower deflection and little lower load level than the peak load. The initiation of GFRP
failure took place before the peak load of the corroded CMP-GFRP section itself. The corroded
section lost the load capacity after the peak load much quicker than the non-corroded section.
Though several load drops were observed before the peak load for the corroded pipe. The
composite action was maintained, and the GFRP could effectively resist the loads transferred
corroded CMP and the grout. The load-carrying capacity of the CMP alone was calculated
using equation 2 and equation 3 using steel moment of inertia and the lock seam strength of
36000 psi. The CMP flexural load capacity was 15 kip. This clearly indicates that the steel
contribution to the overall capacity of the composite section is much lower compared to the
contribution from the polymer grout and the GFRP material. These results indicated the ability
of the GFRP to carry load post CMP lock seam failure. The above observations and failure
modes prove the ability of the proposed technology as an efficient method to retrofit corroded
CMP culverts. Overall, the corroded CMP-GFRP retrofit performed similar to the noncorroded CMP-GFRP retrofit. Further attention will be needed to the level of corrosion of the
lock seam as it tends to govern the behavior.
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Chapter 5. Numerical analysis
5.1 Computational Methods
A commercial finite element software ABAQUS was used to model the CMP-GFRP composite
section. The model was created using a 3D geometry toolbox in ABAQUS. The model consists
of a steel circular pipe section, grout section, and the GFRP pipe section. The steel section was
modeled assuming a noncorrugated A36 steel pipe section with a uniform thickness of 0.064
in. A corrugated pipe section behavior is different from a noncorrugated section. However,
modeling a corrugated section may create special problems such as geometrical irregularities
and issues with the mesh development for numerical analysis of the system [26]. Therefore, a
simplified section was chosen for the analysis. For a CMP, the corrugations behave like springs
and allow for structural deformation in addition to the elasticity of the material itself. It is
noted in the literature that an equivalent Young’s modulus of the corrugated metal pipe must
be considered for the analysis as given by [26]. Also, a lock seam type of connection exists
helically along the length of the pipe as shown in Figure 61. Under flexure, this lock seam
unfolds, and separation takes place. As these joints are typically cold worked, a weakness
develops along this joint. A combination of this lock seam separation and corrugation effect
must be considered for deciding Young’s modulus of the steel for numerical analysis. The steel
section has been defined as an isotropic, elastic-plastic material. To appropriately represent
this lock seam joint, a cohesive contact between the steel sections was defined at the mid-span
location. This cohesive contact was defined based on the bilinear traction separation relation
for mode 1. Literature indicates that lock seam strength is typically equivalent to the yield
strength of steel. Therefore, the maximum normal stress was considered to be 36 ksi, and the
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slip at peak load 0.75 in and the maximum slip to be 1.2 is based on the observations made in
the bending test [26]. The bilinear traction separation model is presented in Figure 62.

Figure 61: Lock seam joint of the corrugated metal pipe

Figure 62: Bilinear traction separation model.

63

The epoxy grout material was modeled using a 3D geometry toolbox in ABAQUS as a circular
pipe section with an effective uniform thickness of 1.5in. The grout material was defined as an
isotropic material with concrete damage plasticity model (CDPM). This model was chosen to
effectively model different compression and tensile damage behaviors of the epoxy grout based
on experimental material characterization.
The four major components in CDPM are damage evolution, yield criterion, softening law,
and the flow rule. To reflect the non-linearity in concrete, total strain (ɛ) may be represented
in the form of equation 4. where 𝜀 𝑒𝑙 is the elastic strain and the 𝜀 𝑝𝑙 plastic strain.
𝜀 = 𝜀 𝑒𝑙 + 𝜀 𝑝𝑙

(4)

A progressive damage capability is provided in CDPM considering a scalar damage variable
𝑑, 0 ≤ 𝑑 ≤ 1, indicating 1 as total damage and 0 as no damage. This damage is introduced as
uniaxial tension and compression damage variable in the form of softening phenomena with
degradation in material stiffness, shown in equation 5 and equation 6.
𝜎𝑡 = 1 − 𝑑𝑡 𝐸0 𝜀𝑡 − 𝜀𝑡𝑝𝑙

(5)

𝜎𝑐 = 1 − 𝑑𝑐 𝐸0 𝜀𝑐 − 𝜀𝑐𝑝𝑙

(6)

𝜎𝑡 and 𝜎𝑐 are the tensile and compressive stresses respectively, 𝑑𝑡 and 𝑑𝑐 are the tensile and
compression damage variables respectively, 𝐸0 is the elastic modulus of the material, 𝜀𝑡 and
𝜀𝑐 are the strains under tension and compression respectively, 𝜀𝑡𝑝𝑙 and 𝜀𝑐𝑝𝑙 are the plastic strains
in tension and compression, respectively. A more detailed explanation of CDPM can be found
elsewhere [36, 37].
The GFRP material was modeled using a 3D geometry toolbox in ABAQUS as a circular pipe
section with an effective uniform thickness of 0.5 in. Additionally, Helius progressive failure
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analysis (PFA), developed based on the multi continuum theory (MCT) technique, considers a
representative volume element (RVE) developed to obtain the average stresses in a
homogenized composite. Subsequently, the average stresses are decomposed to the stresses of
fibers and the matrix discretely in an FEA simulation. This decomposition of stress will help
simulate damage evolution analysis by predicting the failure of fibers and matrix of the
composite material.
To determine the constituent stresses and strains from composite stresses and strains,
decomposition of the matrix phase and fiber phase is conducted. Considering 𝜎 𝑥, 𝑦, 𝑧 as the
stress field of a homogenized RVE element with a volume “𝑉” stress state of the homogenized
composite can be given by,
𝜎𝑐 =

1
∫ 𝜎 𝑥, 𝑦, 𝑧 𝑑𝑉
𝑉 𝐷

(7)

Similarly, the stress state in fibers and matrix is given by,
𝜎𝑓 =

1
∫ 𝜎 𝑥, 𝑦, 𝑧 𝑑𝑉
𝑉𝑓 𝐷𝑓

(8)

𝜎𝑚 =

1
∫ 𝜎 𝑥, 𝑦, 𝑧 𝑑𝑉
𝑉𝑚 𝐷𝑚

(9)

Where, 𝑉𝑓 and 𝑉𝑚 are the volume fractions of fibers and matrix, respectively. Combining
equations 7-9 yields,
𝜎 𝑐 = 𝑉𝑓 𝜎 𝑓 + 𝑉𝑚 𝜎 𝑚

(10)

A similar set of expressions for the strain tensor (ɛ) can also be obtained as,
ɛ𝑐 =

1
∫ ɛ 𝑥, 𝑦, 𝑧 𝑑𝑉
𝑉 𝐷

(11)
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ɛ𝑓 =

1
∫ ɛ 𝑥, 𝑦, 𝑧 𝑑𝑉
𝑉𝑓 𝐷𝑓

(12)

ɛ𝑚 =

1
∫ ɛ 𝑥, 𝑦, 𝑧 𝑑𝑉
𝑉𝑚 𝐷𝑚

(13)

ɛ𝑐 = 𝑉𝑓 ɛ𝑓 + 𝑉𝑚 ɛ𝑚

(14)

Based on all the above equations, the following relation can be established,
𝜎𝑐 = 𝐶𝑐𝜀𝑐

(15)

𝜎 𝑓 = 𝐶𝑓 𝜀 𝑓

(16)

𝜎𝑚 = 𝐶𝑚𝜀𝑚

(17)

Where, 𝐶 𝑐 , 𝐶 𝑓 and 𝐶 𝑚 represent 6 x 6 stiffness matrices of the homogenized composite, fibers,
and matrix, respectively. Substituting equations (15- 17) in equation 10 yields,
𝐶 𝑐 𝜀 𝑐 = 𝑉𝑓 𝐶 𝑓 𝜀 𝑓 + 𝑉𝑚 𝐶 𝑚 𝜀 𝑚

(18)

Using equation. 18 and equation. 14, the following relation is obtained,
𝐶 𝑐 𝑉𝑓 𝜀 𝑓 + 𝑉𝑚 𝜀 𝑚 = 𝑉𝑓 𝐶 𝑓 𝜀 𝑓 + 𝑉𝑚 𝐶 𝑚 𝜀 𝑚
By simplification and multiplying both sides of equation 19 with 𝑉𝑓 𝐶 𝑐 − 𝐶 𝑓
𝜀𝑓 = −

𝑉𝑚 𝑐
𝐶 − 𝐶𝑓
𝑉𝑓

𝑉

𝐴 ≡ − 𝑉𝑚 𝐶 𝑐 − 𝐶 𝑓

−1

−1

𝑓

𝐶𝑐 − 𝐶𝑚

𝐶𝑐 − 𝐶𝑚

(19)
−1

,

−1 𝑚

𝜀

−1

(20)

(21)

Then,
𝜀 𝑓 = 𝐴𝜀 𝑚

(22)

Using the above equation, the state of strain in the form of equation 14,
𝜀 𝑚 = 𝑉𝑚 𝐼 + 𝑉𝑓 𝐴

−1 𝑐

𝜀

By using equation 11 and equation 18 the state of strain in fibers can be obtained as,
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(23)

𝜀𝑓 =

1 𝑐
𝜀 − 𝑉𝑚 𝜀 𝑚
𝑉𝑓

(24)

The above set of equations are valid for any constitutive behavior and any level of deformation.
There are no restrictions on the validity of these equations. The average constituent stress and
strain states 𝜎 𝑓 , 𝜎 𝑚 , 𝜀 𝑓 , 𝜀 𝑚 are more relevant to predict the evolution of damage and material
failure than the average states of a homogenized composite. This is the fundamental argument
of the MCT.
Moreover, the damage evolution and failure are neither dominated by the stress and strain in
the fiber constituent material nor by the stress and strain states of the composite itself [16].
These criteria are primarily dominated by the stress and strain state of the matrix constituent
material. A similar statement can be made for fiber constituent material as well. The Helius
uses a separate failure criterion for each constituent material and uses the failure criteria on the
average stress states [38]. The failure is primarily based on the average stress state of either
the matrix or the fibers. Moreover, an appropriate stiffness degradation will be applied on the
system based on stress state and failure of the individual matrix or the fibers of corresponding
layer. More detailed information on MCT is available elsewhere [38-40].
Semicircular solid 3D supports with a width of 4 in., and a diameter of 18 in. were created as
rigid analytical material. These supports were created to represent the experimental boundary
conditions for numerical analysis. Based on the experimental observations, all the three
materials were tie constrained, assuming a perfect bond between GFRP-grout and steel-grout.
A mesh size of approximately 2 in. was used for the model. A C3D8R, an 8-node linear
hexahedron, with linear geometric order, was used for the analysis. The appropriate boundary
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conditions were chosen to represent the experimental condition and assigned to the two
supports. One support was allowed to rotate and translate along the longitudinal direction of
composite pipe (roller), and the second support was allowed to rotate along the longitudinal
direction of the composite pipe (hinged) to avoid any axial force in the section. The top
semicircular section was loaded under displacement control up to a displacement of 1.2 in. The
complete assembly and locations of the boundary conditions are shown in Figure 63.

Figure 63: 3D model of steel-grout-GFRP composite pipe

5.2 Numerical analysis results
The FEA model developed for the study is presented in Figure 64 shows the stress component
in the longitudinal direction of the pipe i.e., 𝜎𝑧𝑧 .
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Figure 64: CMP-GFRP composite pipe numerical model showing stress component in
the longitudinal direction of the composite pipe (Units: psi)
The corrugated metal pipe was made using A36 steel. Steel was modeled as elastic-plastic
material with Young’s modulus of elasticity of 29,000 ksi and Poisson’s ratio of 0.3 to start
the modeling. The behavior exhibited was extremely stiff. Literature indicated when the CMP
is subjected to bending, the material behavior is governed by the corrugation and the lock seam
joint. Therefore, a reasonable modulus of elasticity, which may represent the realistic behavior
i.e. Young’s modulus of elasticity 8000 ksi and yield strength of 33,000 psi was used as the
material parameters. Based on experimental observations, the separation of the joint initiated
when the nonlinearity in experimental load vs displacement initiated. The author believes, as
the separation of lock seam increased and no noticeable increase in the tensile force
contribution for the leaver arm towards flexural capacity was contributed. Therefore, with a
plastic strain of 0.4 and an ultimate strength of 35000 psi elastic-Plastic behavior was defined.
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The grout material is characterized as isotropic material and concrete damage plasticity (CDP)
model has been used to model the damage as a function of degradation in stiffness for
hardening and softening behavior of the material. Moreover, Young’s modulus of 403 ksi with
a Poison’s ratio of 0.22 assuming a linear elastic behavior to peak load was used. The stressstrain of the grout material extracted from the material characterization stage was used in the
FE model. The model parameters developed to represent the behavior and fit the CDPM are
presented in Table 3.
Table 3: CDPM parameters for grout material
σt

ɛck

dt

σc

ɛin

dc

psi

in/in

-

psi

in/in

-

2100

0.0000

0.00

2500

0.0000

0.00

1500

0.0017

0.29

3000

0.0009

0.00

1300

0.0024

0.38

3500

0.0030

0.00

900

0.0045

0.57

4000

0.0045

0.00

300

0.0069

0.86

3921

0.0106

0.00

250

0.0089

0.88

200

0.0109

0.90

Where, σt is the concrete tensile stress, ɛck is the cracking strain for the corresponding tensile
stress, dt and dc are the damage parameter to characterize the degradation of elastic stiffness
under tension and compression respectively, σc is the concrete compressive stress, ɛin is the
inelastic strain for the corresponding compressive stress.
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A semicircular ring was used to represent the supports and loading head with boundary
conditions similar to those used in the testing. The model is shown in Figure 64. The GFRP
pipe has been modeled using a composite layup toolbox in ABAQUS. The composite layup
has been carried out in 60 layers, and a local discrete coordinate system is assigned. The
composite layup is presented in Figure 65 with a repeated layup of 90°, +45°, -45°, +45°, 45°.

Figure 65: Composite layup of GFRP filament wound pipe
The material properties for the GFRP pipe section were defined based on the orthotropic elastic
properties based on results from Table 4 and ultimate lamina strengths based on Table 5. The
parameters for 0° direction were used from the experimental investigation, and 45° results were
used to determine the shear modulus and shear strength. The 90° properties were used from
the literature which used GFRP with similar matrix and epoxy type [41].
Table 4: GFRP lamina elastic constants
E11

E22

E33

G12

G13

G23

ksi

ksi

ksi

ksi

ksi

ksi

2794

625

625

1088

1088

260
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𝜗12

𝜗13

𝜗23

0.16

0.16

0.20

E11, E22, and E33 are the laminate elastic modulus in longitudinal, transverse and orthogonal
directions, respectively. The G12, G13, and G23 are the shear moduli of the corresponding tensor.
𝜗12 , 𝜗13 and 𝜗23 are the Poison’s ratios in the corresponding tensor direction.
Table 5: GFRP lamina strengths
+S11

-S11

S12

+S22

-S22

S13

+S33

-S33

S23

psi

psi

ksi

psi

psi

psi

psi

psi

psi

54289

15240

5479

2040

6816

5479

2040

6816

2040

Where, +S11, +S22, and +S33 are the tensile strengths in the longitudinal, transverse and
mutually orthogonal directions, respectively. -S11, -S22, and -S33 are the compressive strengths
along the longitudinal, transverse and mutually orthogonal directions, respectively. S12, S13,
and S23 are shear strength components corresponding to the tensor direction.
The load versus displacement behavior comparing experimental to the numerical analysis is
presented in Figure 66. The behavior from numerical analysis agrees well with the
experimental observations of both corroded and uncorroded CMP GFRP composite sections.
Further investigations were conducted using mesh size 3 in and compared with the mesh size
of 2 in to verify that the model is independent of the mesh size.
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Figure 66: Load vs. displacement curve comparing the numerical solution with the
experimental

Figure 67: Mesh sensitivity analysis
Both mesh sizes are well in agreement with each other. The load-deflection behavior for two
mesh sizes is compared in Figure 67. The stress-strain behavior of the steel element
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undergoing tension at the mid-span location along the longitudinal direction of the beam, i.e.,
𝜎𝑧𝑧 is presented in Figure 68. The behavior agrees reasonably well with the input parameters
of the elastic-plastic behavior of steel.

Figure 68: Stress versus strain behavior of steel element in tension from the model
The stress-strain behavior of the grout tension element along longitudinal direction of the pipe
at the mid span location is presented in Figure 69. The behavior agrees reasonably well with
the input tensile parameters of CDPM showing a clear grout failure. The longitudinal stress
versus longitudinal strain components along the length of the composite section at the midspan location of GFRP tension element is presented in Figure 70. With the stress-strain
behavior, a drop can be observed at 1500 psi. As some of the laminate layers are in 90°
direction, and corresponding tensile strength is 1500 psi, and the rest of the fibers in 45° are
carrying the load. This can be represented by the change in stiffness after drop.

74

Figure 69: Grout stress vs. strain behavior from the model (FEA) at mid-span tension
element along longitudinal direction of the composite section

Figure 70: Stress vs. strain behavior GFRP tension element from the model at mid-span
tension element along the longitudinal direction of the composite section
The global behavior of the model is identical to the experimental results. An inference is made
that the drop-in load capacity after reaching 82 kip can be attributed to the grout tension failure
and steel not being able to take any more force beyond maximum force and deforms
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significantly to maintain the stress at 4,000 psi. Complete GFRP failure was not observed, and
load was still withheld. Therefore, the load-carrying capacity further increased after the drop
as shown in Figure 70. The longitudinal stress component at mid span location versus
deflection behavior is presented in Figure 71.

Figure 71: Stress vs. time step behavior of steel and grout element in tension from the
model at mid-span tension element along the longitudinal direction of the composite
section
It is obvious that when grout failure took place, a steep climb in the stress of steel was observed.
At this point, a drop-in force associated with significant joint separation was also observed.
Grout failure increased the stress significantly for steel, and this caused a sudden separation of
steel. These observations show that the grout failure followed by the joint separation causing
the initial failure at the peak load. Moreover, from the analytical solution, the flexural load
capacity contributed from steel was determined to be 15 kip from section 4.5 of the manuscript.
This indicates that the GFRP system could effectively carry the loads even after the failure of
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the lock seam and the grout for both corroded and non-corroded composite sections. To
simulate the progressive failure of GFRP and to avoid the reloading of the damaged elements
within the system, element deletion may be implemented. Consequently, the tendency of the
current model to allow increase in load capacity can be eliminated.
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Chapter 6. Field implementation
In collaboration with the New Mexico Department of Transportation (NMDOT), the field
implementation of the developed technology was decided. Design for field implementation is
developed in the current study. The assigned host culvert is a corroded corrugated metal pipe
with a 24 in. diameter and 24 ft. long. This culvert is located under a two-lane traffic roadway.
The design was developed based on AASHTO LRFD for new culverts [42]. The current design
ignores any structural contribution from the existing host, corroded culvert. The retrofit for the
culvert is designed to used GFRP circular pipe section of 21 in. outer diameter and an inner
diameter of 20 in. The soil cover above the culvert is 3 ft. A culvert slope of 0.001 is assumed.

6.1 Design of GFRP pipe
6.1.1 Dead Loads
The soil loads were calculated using soil column load and soil arch load techniques. The soil
column load is the weight of the soil directly above the pipe. The soil column load was
calculated based on the equation 25.
𝑊𝑐 = 𝛾𝑠 . 𝐻. 𝑑0

(25)

Where, H = burial depth, ft., 𝛾𝑠 = unit weight of soil, pcf and 𝑑0 = outside diameter of GFRP
pipe, ft. Soil arch load is calculated using the Vertical Arching Factor (VAF). This factor
reduces the load proportional to the stiffness of the pipe. First, a geostatic load is calculated
above the spring line using equation 26. In the next step, VAF was calculated using equation
27. In the final step, the soil arch load was determined using equation 28.
𝑃𝑠𝑝 = 𝛾𝑠 . 𝐻 + 0.11𝑑0

(26)

𝑆 −1.17

𝑉𝐴𝐹 = 0.76 − 0.71 (𝑆ℎ +2.92)

(27)

ℎ
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𝑊𝐴 = 𝑃𝑠𝑝 . 𝑉𝐴𝐹

(28)

Where, 𝜙𝑠 = Capacity modification factor for soil, 𝑀𝑠 = Secant constrained soil modulus, psi,
R = Effective radius of pipe, in., 𝐴𝑖 = Section area, 𝑖𝑛.2 , 𝐸𝑔 = Off axis modulus of GFRP, psi,
𝑆ℎ = Hoop stiffness factor and 𝑊𝐴 = Soil arch load.
6.1.2 Live loads
The current culvert is a highway culvert; therefore, the live loads experienced by the culvert
are the traffic load. The design was conducted using AASHTO HS-25 wheel load
configuration. The tire footprint used for design is defined in AASHTO LRFD Section
3.6.1.2.2 [42]. The impact factor for 3ft. cover of 1.1 was used for the design. The live load
transferred from the truckload 𝑃𝑖 for 3ft. cover is 5.21 psi after considering the impact factor.
The live load distribution width 𝐿𝑊 determined from AASHTO was 73 in. for the 3ft. soil
cover.
The current design is based on the direct burial approach based AASHTO LRFD section 12
design criteria [42]. The current design was developed based on four critical failure
mechanisms, wall thrust, deflection, buckling, and bending strain.

6.1.3 Structural Design
6.1.3.1 Wall thrust
The stress in the pipe wall was determined based on the total live load, and the dead load acting
on the pipe. The pipe wall factor thrust demand was calculated based on the equation 29.
𝑑

𝑇1 = 1.3 1.5𝑊𝐴 + 1.67. 𝑃𝑖 . 𝐶𝑖 + 𝑃𝑤 . [ 20 ]

(29)

Where, 𝑊𝐴 = Soil arch load, psi, 𝑃𝑖 = Live load transferred from HS-25, 𝐶𝑖 = Live load
distribution coefficient, 𝑃𝑊 = Hydrostatic pressure at spring line, psi, and 𝑑0 = outside diameter
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of GFRP pipe, in. Bases on pipe wall factored resistance, the wall area followed by the
thickness can be decided for the pipe wall. The required wall area is given by equation 30.
𝐴𝑟 = 𝜙

𝑇1

(30)

𝑝 .𝐹𝑔

Where, 𝑇1 = Calculated wall thrust,

𝑙𝑏𝑓
𝑖𝑛.

, 𝜙𝑝 = Capacity modification factor for pipe, 𝐹𝑔 =

Tensile strength of GFRP, psi. The minimum required wall thickness based on this equation
was 0.04 in. Moreover, critical wall thrust 𝑇𝑐𝑟 was calculated for the provided thickness of
the pipe by equation 31.
𝑇𝑐𝑟 = 𝜙𝑝 . 𝐹𝑔 . 𝐴𝑖

(31)

6.1.3.2 Critical wall buckling
The buckling of the pipe wall is a function of the pipe’s wall properties and Young’s modulus
of the pipe material. To demonstrate buckling resistance the pipe wall capacity must be greater
than tensile strength of the pipe. If the critical buckling stress is lower than the tensile strength
of GFRP, then wall thrust shall be recalculated based buckling resistance. The critical buckling
resistance is given by equation 32.
𝑅

𝑓𝑐𝑟 = 9.24. 𝐴 . [√𝐵. 𝑅𝑤 . 𝜙𝑠 . 𝑀𝑠 . [
𝑖

𝐸𝑔 .𝐼𝑔
𝑅3

]]

(32)

Where, 𝑀𝑠 = Secant constrained soil modulus, psi., 𝑅 = Effective radius of pipe, in., 𝐵 = non
uniform stress distribution factor, 𝐼𝑔 = Moment of inertia,

𝑖𝑛.4
𝑖𝑛.

, 𝑅𝑤 = water buoyancy factor, 𝜙𝑠

= resistance factor for soil stiffness, 𝐸𝑔 = Off-axis modulus, psi. The chosen wall thickness
was safe against wall buckling.
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6.1.3.3 Deflection
The change in diameter of the pipe under the soil and live loads is considered as pipe deflection.
The vertical dimension of the pipe is limited to a deflection of 7.5% of the base inside diameter.
The pipe deflection is a function of the pipe stiffness. The pipe stiffness for the GFRP pipe was
determined using finite element analysis of the parallel load plate test as explained [43]. The
deflection Δ𝑦 is given by equation 33.
Δ𝑦 =

𝐾𝑐 [ 𝐷1 𝑊𝑐 +𝑊1 ]

(33)

0.419 𝑃𝑆𝑔 + 0.061 𝐸𝑆

Where, 𝐷1 = Deflection lag factor, 𝐾𝑐 = Bedding factor, 𝑃𝑆𝑔 = Pipe stiffness of GFRP, psi, 𝑊𝑐
= Soil column load on pipe, lb./in., 𝑊1 = Live load, lb./in. and 𝐸𝑆 = Modulus of soil reaction,
psi. The obtained deflection was safe and within permissible limits.
6.1.3.4 Pipe deflection due to bending
AASHTO design method requires that the bending strain is evaluated and within the
permissible strain limits of the GFRP pipe section. Bases on the empirical relationship
presented in equation 34, the pipe deflection due to bending Δ is evaluated.
𝑇 𝐷

Δ = Δ𝑐 . 𝐷𝑚 − (𝐴 1𝐸 𝑚𝛾 )

(34)

𝑖 𝑔 𝑝

Where, Δ𝑐 = Deflection of pipe, construction induced deflection, limit 5%, 𝐷𝑚 = Mean pipe
diameter, in., 𝛾𝑝 = Load factor, vertical earth pressure, 𝐸𝑔 = Off axis modulus, psi. The factored
bending strain is given by equation 35.
𝐶𝑔

Δ

𝜀𝑏𝑢 = 𝛾𝑏 . 𝐷𝑓 ( 𝑅 ) (𝐷 )

(35)

𝑚

Where, 𝐷𝑓 = shape factor, 𝛾𝑏 = Load factor, combined strain, 𝑅 = Effective radius of pipe, in.,
𝐷𝑚 = Mean pipe diameter, in., Δ = Deflection, in. and, 𝐶𝑔 = distance from inside diameter to
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the neutral axis, in. The obtained strain due to bending was well within the permissible limit.
The final thickness of the GFRP pipe was 0.5 in. The detailed design example is presented in
appendix 1.
6.1.3.5 Hydraulic design
The hydraulic capacity of the pipe was calculated based on Manning’s equation for gravity
pipe flow using equation 36. The Manning’s coefficient for the corrugated metal pipe is 0.024,
and for the GFRP pipe is 0.00914. Based on equation 36, the discharge was quantified for each
case considering the loss in cross-section after retrofit. The flow capacity obtained for 24 in.
diameter CMP pipe was 3.9 cfs and for GFRP with 21 in diameter the flow capacity was 6.3
cfs. This represents an increased hydraulic capacity for the GFRP pipe section by 61%
compared to existing CMP and the retrofit technique is safe for hydraulic capacity.
1.49

2

𝑓𝑡 3

𝑄𝑠 = [ 𝑛 . 𝐴𝑠 . 𝑅𝑠 3 √𝑆] 𝑠𝑒𝑐

(36)

𝑠

Where, 𝑄𝑠 = Hydralic flow in cfs, 𝑛𝑠 = Manning’s roughness coefficient, 𝑅𝑠 = Hydraulic radius
and S = slope. The detailed design example is presented in appendix 2.

6.2 Life Cycle Cost Analysis (LCCA)
6.2.1 Introduction
Life cycle cost (LCC) analysis is a technique to evaluate the comparative cost of a system over
the entire service life or a specific period involving economic factors to individual phases for
a system with time as a function [44]. These phases have a significant influence on the total
LCC of a system. LCC analysis was performed on the use of GFRP for retrofit of the culverts.
An environmental life cycle cost scheme with detailed phases was proposed by Sarja et al.,
2003 [45]. The phases presented in Figure 72 are generalized for any structural system.
82

Figure 72: Different phases of LCCA [45]
Typically, life cycle costs are divided into two components; agency costs and social costs [46].
Agency costs can be related to the direct costs associated with the three phases described in
Figure 72. Social costs refer to the indirect costs due to inconvenience caused to people. For
this current study, it can be referred to as user delay cost, vehicle operating costs and
environmental costs. Environmental costs can be considered by conducting a Life-cycle
assessment.
Currently, three main materials, steel, PVC and HDPE are used for retrofitting the existing
corroded culverts. It is important to compare the LCC for these three alternative materials with
GFRP as a material for retrofitting. In New Mexico, steel culverts are corroding within three
years of installation in certain regions. A study reported that HDPE pipes when used as open
dig replacement, caused several types of failures, and the service life is significantly lower
compared to the design life of the culvert [16]. PVC is significantly brittle in cold climates.
The proposed technology in this study, with high specific strength of GFRP, shows great
potential to eliminate problems caused by both PVC and HDPE systems and overcome the
corrosion problem with steel. The challenge for conducting an LCC analysis is the lack of data
for service life of different materials when used to retrofit culverts. A survey was conducted to
understand the service life of different culvert materials and the critical response of the study
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is considered as the service life to evaluate the life cycle cost [9]. The LCC in the current study
is performed for a Life Cycle of 100 years as recommended for culverts [9]. The three materials
considered for the study are Galvanized steel-CMP, HDPE and GFRP. No study on evaluation
of life cycle costs for culvert retrofit is currently available in the literature.

6.2.2 Calculating present values of life cycle financials
This method for cost analysis has been outlined elsewhere [45]. A structure will incur a
financial cost when the design and planning phase is started and will end with its end of service
life. The cost process from monetary means is acquired from different phases outlined in
Figure 72. Using present value discounting method, the LCC final costs can be calculated
using equations 37,38 and 39:
𝐿𝐶𝐶𝑡 = 𝐼0 + 𝑃𝑉 𝐴𝑡 + ∑ 𝑃𝑉 𝑅𝑡 − 𝑆𝑡

(37)

Where, 𝐿𝐶𝐶𝑡 is the design life cycle monetary cost as a present value, 𝑡, is the design life, 𝐼0 is
the construction cost (Retrofit/replacement), 𝑃𝑉 𝐴𝑡 , is the present value of the annual cost at
the time t, 𝑃𝑉 𝑅𝑡 is the present value of any future costs and 𝑆𝑡 residual value at time t
assumed $0 for the current study.
𝑃𝑉 𝐴𝑡 = [

1+𝑖 𝑛 −1
𝑖 1+𝑖 𝑛

]

𝑃𝑉 𝑅𝑡 = 1⁄ 1 + 𝑖

(38)
𝑛

(39)

where 𝑖 is the discount rate, and 𝑛 is the time in years from the date of the discount. The total
cost calculated here may increase with an increased design life. The evaluation of the present
value Life cycle financials is conducted for 100 years and the discount rate used is 4% based
on literature [9]. For the accuracy of LCC, it is important to consider the user delay cost
associated with either the replacement or retrofit of the culvert. In the current LCC analysis an
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Annual Average Daily Traffic (AADT) of 20,000 was assumed to evaluate LCC and with
different AADT was evaluated.
The current life cycle cost analysis is highly sensitive to the assumptions made in the current
study. The cost of each retrofit system is sensitive to the assumed life of the retrofit scheme.
When the assumed service life is low, the AADT cost can significantly impact the LCCA of
each retrofit system. The framework developed in the current study can be used to conduct a
more accurate analysis if the service life of the individual retrofit schemes is identified.
6.2.2.1 Data from literature for LCCA
A standard culvert of 24 in diameter and 72 ft. long was chosen to conduct the life cycle cost
analysis. A commercial retrofit company, Snap Tite, by ISCO Industries, made available
approximate contractors bid for retrofit and replacement, as presented in Table 6 [47].
Moreover, a survey conducted to understand the service life of different materials is presented
in Table 6 based on literature [9]. This survey included a general questionnaire to 50 US states
and seven provinces in Canada.
Table 6: A bid for replacement and retrofit cost using an HDPE pipe [47].
Open Cut Dig & Replace
Highway Crew Construction Cost
Highway Crew Construction Time
Estimated Contractor Bid Cost
Snap-Tite Lining Method (HDPE)
Highway Crew Construction Cost
Highway Crew Construction Time
Estimated Contractor Bid Cost

24in diameter 72 ft. long Culvert
$5,900
10 Days
$41,300
Retrofit
$4,500
3.5 Days
$18,000

85

Table 7: Service life based on a survey [9]
Assumed Life
< 40 years
40 - 50 years
50 - 60 years
60 - 70 years
70 - 80 years
80 - 90 years
90 - 100 years
>=100 years
Total respondents

CMP
1
3
5

HDPE

4

3
1

13

3

2
9

Table 8: User delay cost per day based on average annual daily traffic (AADT) [9]
Increased delay level
AADT 10 min
20 min
5000 $ 17,915
$ 35,829
10000 $ 35,829
$ 71,658
20000 $ 71,658
$ 143,317
30000 $ 107,488
$ 214,975
50000 $ 179,146
$ 358,292
75000 $ 268,719
$ 537,438
100000 $ 358,292
$ 716,584
6.2.2.2 LCCA for retrofit using CMP
The service life for retrofit of existing corroded CMP using another CMP was assumed as 25
years. The LCC model tree is presented in Figure 73. This service life was chosen based on
the critical value in Table 6 and a survey indicating several CMP culvert failures below the age
of 25 years [9].
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Figure 73: LCC model tree for retrofit using CMP
Table 9: Cost of retrofit using CMP

CMP
Polymer grout
Highway construction crew cost
Other Miscellaneous cost
Salvage value
Total initial cost 𝐼0

Cost/ft.
$
22.00
$
100.00
3.5 days

72 ft. culvert
$
1,584
$
7,200
$
4,500
$
4,000
$
$
17,284

-

Because of the chosen 25 years of expected service life of the CMP retrofit technique, the
culvert will undergo 1st replacement at 25 years, as retrofit is no longer possible for the already
retrofitted culvert. At 50 years, the culvert will undergo a 2nd retrofit then at year 75, a 2nd
replacement for the culvert shall be assumed. Therefore, the culvert will undergo a total of two
replacements, and one retrofit over the life of 100 years. Moreover, a recurring maintenance
cost of $600/ year is considered based on literature [48]. This is based on a $200 mobilization
costs for heavy machinery and 4-man hours at $100 per hour. Two cases of LCC were
calculated with and without user delay cost. The total initial cost to retrofit a culvert using
galvanized steel CMP is presented in Table 8. The total cost of culvert replacement with and
considering user delay cost with the lowest possible delay of 10min was evaluated as presented
in Table 9.
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Table 10: Open cut dig and replace costs
Highway crew
construction cost
10 days
Other total costs
User delay cost
10 days
Total replacement cost (R25, R75)

$
$
$
$

5,900
35,400

$
$
$
$

41,300

5,900
35,400
716,580
757,880

Now the LCC for retrofit using galvanized steel CMP can be calculated using equation 40 and
presented in Table 10.
𝐿𝐶𝐶100 = 𝐼0 + 𝑃𝑉 𝐴100 + 𝑃𝑉 𝑅25 + 𝑃𝑉 𝑅𝑒50 + 𝑃𝑉 𝑅75

(40)

Table 11: 100 years LCC for retrofit using galvanized steel CMP

𝐼0 , Initial Cost
𝑃𝑉 𝐴100 , PV of maintenance
𝑃𝑉 𝑅25 , PV replacement 1
𝑃𝑉 𝑅𝑒50 , PV of retrofit 2
𝑃𝑉 𝑅75 PV replacement 3
𝐿𝐶𝐶100 , LCCA for 100 years

$
$
$
$
$
$

17,284
14,703
15,492
2,432
2,179
52,091

Considering AADT
Cost
$
17,284
$
14,703
$
284,293
$
2,432
$
40,003
$
358,716

6.2.2.3 LCCA for retrofit using HDPE
Table 12: Cost of retrofit using HDPE slip line

HDPE
Polymer grout
Highway construction crew
cost
Other Miscellaneous cost
Salvage value
Total initial cost 𝐼0

Cost/ft.
$
38.00
$
100.00

72 ft. culvert
$
2,736
$
7,200

3.5 days

$
$
$
$
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4,500
4,000
18,436

The service life for retrofit of existing corroded CMP using HDPE slip liner was assumed as
50 years. This service life was chosen based on the critical value in Table 6 and a survey
indicating several HDPE culverts were reported based on a survey in North America [16].
Because of the chosen 50 years of expected service life of the HDPE retrofit technique, the
culvert will undergo one replacement at 50 years, as retrofit is no longer possible for the already
retrofitted culvert. Therefore, the culvert will undergo one replacement along the entire life
cycle as shown in Figure 74. Moreover, a recurring maintenance cost of $600/ year is
considered based on literature [48]. Two cases of LCC were calculated with and without user
delay cost. The total initial cost to retrofit a culvert using the HDPE slip liner is presented in
Table 11. The total cost of culvert replacement with and without considering user delay cost
with the lowest possible delay of 10min was evaluated as presented in Table 9.

Figure 74: LCC model tree for retrofit using HDPE
The LCC for retrofitting a corroded CMP using HDPE was calculated using equation 41 and
presented in Table 12.
𝐿𝐶𝐶100 = 𝐼0 + 𝑃𝑉 𝐴100 + 𝑃𝑉 𝑅50

(41)
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Table 13: 100 years LCC for retrofit using HDPE slip line
Considering AADT Cost
𝐼0
𝑃𝑉 𝐴100
𝑃𝑉 𝑅50
LCCA 100 years

$ 18,436.00
$ 14,703.00
$ 5,811.43
$ 38,950.43

$
18,436
$
14,703
$ 106,643
$ 139,782

6.2.2.4 LCCA for retrofit using GFRP
The LCCA for retrofit of existing corroded CMP using GFRP slip liner was conducted for a
service life of 50 years and 100 years. Over, the recent GFRP has gained wide acceptance in
the pipeline industry for its excellent material specific strength and corrosion resistance of the
material. Due to advantageous mechanical properties and excellent mechanical and composite
behavior of the corroded CMP-GFRP section, the authors firmly believe, if properly designed,
the retrofit system should last over 100 years. LCC model tree for using GFRP as retrofit
material is presented in Figure 75.
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Figure 75: LCC model tree for using GFRP as retrofit material; (a) with 50 years life
expectancy and; (b) 100 years life expectancy.
Table 14: Cost of retrofit using GFRP slip liner

GFRP
Polymer grout
Highway construction crew cost
Other Miscellaneous cost
Salvage value
Total initial cost 𝐼0

Cost/ft.
$
50.00
$
100.00
3.5 days

72 ft. culvert
$
3,600
$
7,200
$
4,500
$
4,000
$
$ 19,300

For the expected service life of 50 years for the GFRP retrofit technique, the culvert will
undergo one replacement at 25 years, as retrofit is no longer possible for the already retrofitted
culvert. Therefore, the culvert will undergo one replacement along the entire life cycle.
Moreover, a recurring maintenance cost of $600/ year is considered based on literature [48].
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The life cycle cost for 100 years of service life was also calculated. Two cases of LCC were
calculated with and without user delay cost. The total initial cost to retrofit a culvert using
GFRP slip liner is presented in Table 13. The total cost of culvert replacement with and without
considering user delay cost with the lowest possible delay of 10 min was evaluated as presented
in Table 9. The LCC for GFRP retrofit is presented in Table 14 and Table 15.
Table 15: LCC of GFRP retrofit for an expected service life of 50 years
𝐼0
𝑃𝑉 𝐴100
𝑃𝑉 𝑅50
LCCA 100 years

$
$
$
$

Considering AADT Cost
$
19,300
$
14,703
$ 106,643
$ 140,646

19,300.00
14,703.00
5,811.43
39,814.43

Table 16: LCC of GFRP retrofit for an expected service life of 100 years
𝐼0
𝑃𝑉 𝐴100
LCCA 100 years

$
$
$

19,300
14,703
34003

A bar chart representation of the LCC analysis is presented in Figure 76 to show for the case
of GFRP expected service life of 50 years without considering user delay cost. LCC for the
three materials considering the user delay cost is presented in Figure 77. The life cycle cost
analysis for the case of GFRP service life of 50 years indicates a reduction in cost by 24%
compared to retrofit using CMP and an increase in cost by as little as 2% compared retrofit
using HDPE over the entire life cycle of 100 years. Considering user delay cost associated with
the user delay for conducting replacement increased the LCC by 589% for CMP, 259% HDPE,
and 253% for GFRP as a retrofit material. This indicates that user delay cost can have a
substantial impact on the LCC of a culvert. Overall, the LCC indicated as little as a 2% increase
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for using GFRP for retrofit. This is negligible cost compared to the value that GFRP offers as
high specific strength material and its superior mechanical behavior towards culverts service
life. The LCC was also investigated considering a service life of 100 years and presented in
Figure 78 and Figure 79. The results indicate GFRP retrofit may incur a much lower LCC
than both CMP and HDPE for retrofit of existing corroded corrugated metal culverts.
Moreover, LCC was compared with the increase in AADT for the three material which shows
the impact on the replacement cost due to user delay. This tends to indicate the importance of
choosing a material that can offer high structural stability and contribution towards culverts
safety such as GFRP used in the current study.

Figure 76: Bar chart comparing the life cycle cost without user delay cost for GFRP slip
line service life of 50 years
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Figure 77: Bar chart comparing the life cycle cost considering the user delay cost for
GFRP slip line service life of 50 years

Figure 78: Bar chart comparing the life cycle cost without user delay cost for GFRP slip
line service life of 100 years
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Figure 79: Bar chart comparing the life cycle cost considering the user delay cost for
GFRP slip line service life of 100 years
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Chapter 7. Conclusions
In the current study, Glass Fiber Reinforced Polymer liners are suggested for structural retrofit
of existing corroded metal culverts. Comprehensive material characterization of the filament
wound GFRP and the grout materials was conducted. The results indicated that filament wound
GFRP have on-axis tensile and compressive strengths of 54,289 psi and 15,240 psi
respectively. The off-axis tensile and compressive strengths of 5,479 psi and 10,720 psi
respectively. These strengths of the material are significantly higher compared to HDPE
material, which is prominently used for culverts retrofit currently. Moreover, grout
compressive and tensile strengths were 2,040 psi and 8,392 psi. The modulus of elasticity of
the grout is 1,590 ksi.
Moreover, a comprehensive retrofit scheme was developed to conduct a full-scale 3-point
bending test after retrofitting the CMP. No such full-scale test was previously conducted with
CMP-Grout-GFRP composite section in the literature. Moreover, a CMP was corroded in the
lab using accelerated corrosion to understand the effect of corrosion on the retrofit capacity.
The degree of corrosion was evaluated, and the results indicated a loss in mass of the steel pipe
section up to 29%. The 3-point bending test indicated complete composite action for both noncorroded GFRP and corroded-GFRP composite sections until the peak load for each respective
composite section. The peak load for non-corroded composite section was 75 kip, and for
corroded composite section was 83 kip. This indicates that corrosion did not affect the strength
of the composite section. The two retrofits behaved in a very similar fashion under the loads.
The efficient retrofit can be attributed to superior mechanical behavior of both the polymer
grout and the GFRP materials. The post-peak ductility for the corroded composite section was
lower compared with non-corroded composite section.
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Numerical simulations using the finite element method were conducted. The behavior from
numerical analysis agrees well with the experimental observations. The model proves the
potential failure of the seam joint and its impact on the overall behavior of the retrofitted pipes.
Moreover, post lock seam failure and considering steel to contribute 15 kip load to the overall
flexural capacity. The GFRP-grout system carried a significant amount of load. The off-axis
being the dominant GFRP direction, the system exhibited significant ductility.
A field design example for retrofit of a corroded pipe in New Mexico using GFRP is presented.
A wall thickness of 0.5 in. was determined to be safe for field implementation. Life cycle cost
analysis was conducted for three material alternatives of CMP, HDPE, and GFRP for the
retrofit of corroded corrugated metal culverts. Two cases of service life for GFRP of 50 years
and 100 years were evaluated. For GFRP service life of 50 years, retrofit indicated a decrease
in overall life cycle cost by 419% compared to CMP and life cycle negligible increase
compared to HDPE. For GFRP service life of 100 years, retrofit indicated a decrease in overall
life cycle cost by 623% compared to CMP and 311% decrease compared to HDPE. Base on
the experimental investigations, GFRP can be an excellent material for retrofit of existing
corroded metal culverts. Based on the validated model, a pipe stiffness test was conducted
using the numerical analysis for the GFRP pipe to aid the design. A field implementation
design was developed in the current study to retrofit a corroded CMP in field.
Further research is recommended to monitor the behavior of the retrofitted CMP culvert using
GFRP pipes after field implementation.
To improve the existing model, further work is necessary to study the composite grout-GFRP
behavior when subjected to the soil loads and live loads using finite element analysis. To
simulate the progressive failure of GFRP and to avoid the reloading of the damaged elements
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within the system, element deletion may be implemented. Consequently, the tendency of the
current model to allow increase in load capacity can be eliminated. The finite element model
of the composite section shall be used for field design. Optimization of ply orientation in the
GFRP liner to reduce its cost can be performed. This can lead to a more economic design for
retrofitting corroded CMP culverts using GFRP liners. Another significant parameter that may
affect the GFRP retrofit serviceability is the aberration resistance of the material. Further,
investigations are necessary to identify the aberration resistance of GFRP material for culvert
applications.

98

References
1.

Sezen, H., K.Y. Yeau, and P.J. Fox, In-situ load testing of corrugated steel pipe-arch
culverts. Journal of Performance of Constructed Facilities, 2008. 22(4): p. 245-252.

2.

Pettersson, L. and H. Sundquist, Design of soil steel composite bridges. 2014: KTH
Royal Institute of Technology.

3.

Administration, F.H. and F.T. Administration, 2015 Status of the Nation's Highways,
Bridges, and Transit Conditions & Performance Report to Congress. 2017:
Government Printing Office.

4.

Maher, M., G. Hebeler, and A. Fuggle, Service life of culverts. 2015.

5.

Ballinger, C.A. and P.G. Drake, Culvert repair practices manual. Vol. 2. 1995: US
Department of Transportation, Federal Highway Administration.

6.

Mitchell, G.F., et al., Risk assessment and update of inspection procedures for culverts.
2005, United States. Federal Highway Administration.

7.

Program, N.C.H.R., Culvert Rehabilitation to Maximize Service Life while Minimizing
Direct Costs and Traffic Disruption. Vol. Project Number 14-19. 2010, Transportation
Research Board: Government Printing Office.

8.

Sutliff, K., Caltrans supplement to FHWA culvert repair practices manual. California
Department of Transportation, Design Information Bulletin, 2003(83).

9.

Perrin Jr, J., C.S. Jhaveri, and J. Perrin Jr. The economic costs of culvert failures. in
Prepared for TRB 2004 Annual Meeting, Washington DC. 2004.

10.

Wyant, D., Assessment and Rehabilitation of Existing Culverts. NCHRP Synthesis of
Highway Practice No. 303. Transportation Research Board, Washington DC, 2002.

99

11.

Solutions, C.L.W. HDPE Slip-liners. 2019 [cited 2019 09/25/2019]; Available from:
http://www.clwsi.com/services/trenchless-technologies/slip-lining/.

12.

Technology, U.S.f.T. Cured in Place Pipe Lining. 2019 [cited 2019 09/25/2019];
Available

from:

http://www.ukstt.org.uk/trenchless-technology/lining-

techniques/cured-in-place-pipe-lining-cipp.
13.

Thornton, C., Culvert Pipe Liner Guide and Specifications. 2005: US Federal Highway
Administration Central Federal Lands Highway Division.

14.

Najafi, M. Pipe bursting projects. 2007. American Society of Civil Engineers.

15.

Wagener, B.D. and E.E. Leagjeld, Culvert repair best practices, specifications and
special provisions: Best practices guidelines. 2014, Department of Transportation,
Research Services & Library.

16.

Abolmaali, A. and A. Mothari, Evaluation of HDPE pipelines structural performance.
The University of Texas at Arlington, 2010.

17.

Gassman, S.L., A. Schroeder, and R. Ray, Field performance of high density
polyethylene culvert pipe. Journal of transportation engineering, 2005. 131(2): p. 160167.

18.

Mathews, J.C., Decision analysis guide for corrugated metal culvert rehabilitation and
replacement using trenchless technology. 2012: United States Department of
Agriculture, Forest Service.

19.

Bakis, C.E., et al., Fiber-reinforced polymer composites for construction—State-of-theart review. Journal of composites for construction, 2002. 6(2): p. 73-87.

100

20.

Institute, A.C., Guide for the Design and Construction of Externally Bonded FRP
Systems for Strengthening Concrete Structures, in 440.2R-17. 2017, ACI: Farmington
Hills, MI.

21.

Hota, G. and R. Liang. Advanced fiber reinforced polymer composites for sustainable
civil infrastructures. in Proceedings of the International Symposium on Innovation &
Sustainability of Structures in Civil Engineering. 2011. Xiamen University.

22.

International, A., Standard Test Method for Tensile Properties of Polymer Matrix
Composite Materials, in D3039/D3039M - 17. 2017, ASTM: West Conshohocken, PA.

23.

International, A., Standard Test Method for In-Plane Shear Response of Polymer
Matrix Composite Materials by Tensile Test of a 645° Laminate, in D3518/D3518M −
18. 2018, ASTM: West Conshohocken, PA.

24.

International, A., Standard Test Method for Tensile Properties of Plastics, in D638 14. 2014, ASTM: West Conshohocken, PA.

25.

International, A., Standard Test Method for Static Modulus of Elasticity and Poisson's
Ratio of Concrete in Compression, in C469/C469M - 14. 2014, ASTM: West
Conshohocken, PA.

26.

Moser, A.P. and S.L. Folkman, Buried pipe design. 2001: McGraw-Hill New York.

27.

International, A., Standard Specification for Corrugated Steel Pipe, Metallic-Coated
for Sewers and Drains, in A760/A760M - 15. 2015, ASTM: West Conshohocken, PA.

28.

El-Mahdy, G.A., A. Nishikata, and T. Tsuru, Electrochemical corrosion monitoring of
galvanized steel under cyclic wet–dry conditions. Corrosion Science, 2000. 42(1): p.
183-194.

101

29.

Blastech, R. Rotorblast Internal Pipe Blasting Tool. 2019 [cited 2019 09/22/2019];
Available

from:

http://www.rsblastech.com/equipment/blasting-spares-

accessories/rotorblast-internal-pipe-blasting-tool/.
30.

Yang, G., Ying, L., & Haichao, L. (2001). Experimental studies on the local corrosion
of low alloy steels in 3.5% NaCl. Corrosion science, 43(3), 397-411.

31.

Shaker, F., A. El-Dieb, and M. Reda, Durability of styrene-butadiene latex modified
concrete. Cement and concrete Research, 1997. 27(5): p. 711-720.

32.

Detwiler, R.J., K.O. Kjellsen, and O.E. Gjorv, Resistance to chloride intrusion of
concrete cured at different temperatures. Materials Journal, 1991. 88(1): p. 19-24.

33.

Douba, A., Mechanical Characterization of Polymer Concrete with Nanomaterials.
2017.

34.

G1-03, A., Standard Practice for Preparing, Cleaning, and Evaluating Corrosion Test
Specimens. 2018, ASTM International: West Conshohocken, PA, USA.

35.

Yoo, J.-H., et al., Development of a galvanic sensor system for detecting the corrosion
damage of the steel embedded in concrete structures: Part 1. Laboratory tests to
correlate galvanic current with actual damage. Cement and concrete research, 2003.
33(12): p. 2057-2062.

36.

Chi, Y., et al., Finite element modeling of steel-polypropylene hybrid fiber reinforced
concrete using modified concrete damaged plasticity. Engineering Structures, 2017.
148: p. 23-35.

37.

Jankowiak, T. and T. Lodygowski, Identification of parameters of concrete damage
plasticity constitutive model. Foundations of civil and environmental engineering,
2005. 6(1): p. 53-69.
102

38.

Help, A. http://help.autodesk.com/view/ACMPAN/2016/ENU/. 2016

[cited 2019

01/31/2019].
39.

Key, C.T., R.W. Six, and A.C. Hansen, A three-constituent multicontinuum theory for
woven fabric composite materials. Composites Science and Technology, 2003. 63(13):
p. 1857-1864.

40.

Steven Mayes, A.C.H., J, Multicontinuum failure analysis of composite structural
laminates. Mechanics of Composite Materials and Structures, 2001. 8(4): p. 249-262.

41.

Genedy, M., et al., Improving shear strength of bolted joints in pultruded glass fiber
reinforced polymer composites using carbon nanotubes. Journal of Reinforced Plastics
and Composites, 2017. 36(13): p. 958-971.

42.

Officials, A.A.o.S.H.a.T., AASHTO LRFD Bridge Design Specifications, in 8th
Edition. 2017, AASHTO: Washingtin, DC

43.

Park, J.-S., et al., Pipe stiffness prediction of buried GFRP flexible pipe. Polymers and
Polymer Composites, 2014. 22(1): p. 17-24.

44.

Haghani, R. and J. Yang, Application of FRP materials for construction of culvert road
bridges: manufacturing and life-cycle cost analysis. Rapport, 2016(2016: 3).

45.

Sarja, A., Integrated life cycle design of structures. 2003: CRC Press.

46.

Safi, M., LCC Applications for Bridges and Integration with BMS. 2012, KTH Royal
Institute of Technology.

47.

SnapTite. What you can save with Snap-tite? 2019 [cited 2019 09/25/2019]; Available
from: https://culvert-rehab.com/cost-effectiveness/.

103

48.

Long, S., The economics of culvert replacement: fish passage in eastern Maine. Natural
Resources Conservation Service, Maine. Available: ftp://ftp-fc. sc. egov. usda.
gov/Economics/Technotes/EconomicsOfCulvertReplacement. pdf.(October 2013),
2010.

104

Appendix I
Structural Design of culvert retrofit using GFRP
CMP host pipe properties
Diameter of CMP

𝑑𝑠 = 24 in.

Soil cover

𝑆𝑐 = 3 ft.

Slope of culvert

𝑆 = 0.001

Length of CMP culvert

𝑙𝑠 = 24 ft.

GFRP pipe properties
Outside diameter of GFRP

𝑑0 = 21 in.

Inside diameter of GFRP

𝑑𝑖 = 20 in.

Length of GFRP pipe

𝑙𝑔 = 24 ft.

GFRP wall thickness

𝑡ℎ = 0.5 in.

Off axis Young’s modulus

𝐸𝑔 = 1088 ksi

Tensile strength of GFRP

𝐹𝑔 = 5479 psi
3.14 𝑑0 2 3.14 𝑑0 − 1𝑖𝑛.
𝐴𝑠 = [
−
4
4
2
𝐴𝑠 = 32.185 𝑖𝑛.

where,
𝑑0 = outside diameter of GFRP pipe, in.
𝑃𝑠 = 3.14. 𝑑0
𝐴𝑖 =
Section area

Distance from inside diameter to NA

𝐴𝑠
𝑃𝑠

𝐴𝑖 = 0.49

𝑖𝑛.2
𝑖𝑛.

𝐶𝑔 = 0.259 in.
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2

]

Moment of Inertia

𝑖𝑛.4
𝐼𝑔 = 0.0104
𝑖𝑛.

Soil Loads
Class III 90% compacted silty gravel GM
Unit weight of soil

𝛾𝑠 = 110 pcf; Based on AASHTO 12.10.2.1

Burial depth

𝐻 = 𝑆𝑐

Modulus of soil reaction

𝐸𝑠 = 1000 psi

Geostatic Load

𝑃𝑠𝑝 = 𝛾𝑠 . 𝐻 + 0.11𝑑0
𝑃𝑠𝑝 = 2.439 psi

where,
H = burial depth, ft.
𝛾𝑠 = unit weight of soil, pcf
𝑑0 = outside diameter of GFRP pipe, ft.
Soil column load

𝑊𝑐 = 𝛾𝑠 . 𝐻. 𝑑0
𝑙𝑏𝑓
𝑊𝑐 = 48.125
𝑖𝑛

where,
H = burial depth, ft.
𝛾𝑠 = soil density, pcf
𝑑0 = outside diameter of GFRP pipe, ft.

Vertical Arching Factor (VAF)
Capacity modification factor for soil

𝜙𝑠 = 0.9

Secant constrained soil modulus

𝑀𝑠 = 700 psi

Effective radius of pipe

𝑅=

𝑑0
− 𝐶𝑔
2
𝑅 = 10.214 in.

where,
𝑑0 = outside diameter of GFRP pipe, in.
𝐶𝑔 = distance from inside diameter to neutral axis, in.
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Hoop stiffness factor

𝜙𝑠 . 𝑀𝑠 . 𝑅
𝐸𝑔 . 𝐴𝑖
𝑆ℎ = 0.012
𝑆ℎ =

where,
𝜙𝑠 = Capacity modification factor for soil
𝑀𝑠 = Secant constrained soil modulus, psi
R = Effective radius of pipe, in.
𝐴𝑖 = Section area, 𝑖𝑛.2
𝐸𝑔 = Off axis modulus of GFRP, psi

Vertical arching factor

𝑊𝐴 = 𝑃𝑠𝑝 . 𝑉𝐴𝐹
𝑊𝐴 = 2.537 psi

where,
𝑆ℎ = Hoop stiffness factor

Soil arch load

𝑊𝐴 = 𝑃𝑠𝑝 . 𝑉𝐴𝐹
𝑊𝐴 = 2.537 psi

where,
𝑃𝑠𝑝 = Geostatic Load, psi
VAF = Vertical arching factor

Live load
For AASHTO HS-25 and cover of 3 ft. including impact factor
𝑃𝑖 = 5.21 psi
𝐿𝑊 = 73 in.
𝑊𝑙 = 𝑃𝑖 . 𝑑0
Live load

𝑊𝑙 = 109.410

𝑙𝑏𝑓
𝑖𝑛.

where,
𝑃𝑖 = Live load transferred from HS-25 including the impact factor for 3 ft soil cover
𝑑0 = outside diameter of GFRP pipe, in.

107

Wall thrust check
Capacity modification factor for pipe

𝜙𝑝 = 1

Hydrostatic pressure at spring line

𝑃𝑤 = 0 psi

Live load distribution coefficient

𝐶𝑖 =

Taking lower of 3.476 and 1

𝐶𝑖 = 1

𝐿𝑊
𝑑0
𝐶𝑖 = 3.476

where,
𝐿𝑊 = AASHTO live load distribution
width
𝑑0 = outside diameter of GFRP pipe, in.
𝑇1 = 1.3 1.5𝑊𝐴 + 1.67. 𝑃𝑖 . 𝐶𝑖 + 𝑃𝑤 . [
Calculated wall thrust

𝑇1 = 170.713

where,
𝑊𝐴 = Soil arch load, psi
𝑃𝑖 = Live load transferred from HS-25
𝐶𝑖 = Live load distribution coefficient
𝑃𝑊 = Hydrostatic pressure at spring line, psi
𝑑0 = outside diameter of GFRP pipe, in.
𝐴𝑟 =

Wall area required

𝑇1
𝜙𝑝 . 𝐹𝑔

where,
𝑙𝑏𝑓
𝑇1 = Calculated wall thrust, 𝑖𝑛.
𝜙𝑝 = Capacity modification factor for pipe
𝐹𝑔 = Tensile strength of GFRP, psi

𝐴𝑟 = 0.031

Required wall thrust

𝑇𝑟𝑒𝑞 =
𝑇𝑟𝑒𝑞

𝑙𝑏𝑓
𝑖𝑛.

𝑖𝑛.2
𝑖𝑛.

𝐴𝑟
1
𝑙𝑏𝑓
= 0.031
𝑖𝑛.

where,
𝐴𝑟 = Wall area required, 𝑖𝑛.2
Provided wall thickness is 0.5 in. – “SAFE”
Provided wall area

𝐴𝑖 = 0.488
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𝑖𝑛.2
𝑖𝑛.

𝑑0
]
2

𝑇𝑐𝑟 = 𝜙𝑝 . 𝐹𝑔 . 𝐴𝑖

Critical wall thrust

𝑇𝑐𝑟 = 2674.274

𝑙𝑏𝑓
𝑖𝑛.

where,
𝜙𝑝 = Capacity modification factor for pipe
𝐹𝑔 = Tensile strength of GFRP, psi
𝐴𝑖 = Wall area provided,

𝑖𝑛.2
𝑖𝑛.

HENCE “SAFE”

𝑇𝑐𝑟 > 𝑇1

Critical Wall Buckling
𝑓𝑐𝑟 = 9.24.

Critical buckling stress

𝐸𝑔 . 𝐼𝑔
𝑅
. [√𝐵. 𝑅𝑤 . 𝜙𝑠 . 𝑀𝑠 . [ 3 ]]
𝐴𝑖
𝑅

𝑓𝑐𝑟 = 20820.293 𝑝𝑠𝑖
where,
𝑀𝑠 = Secant constrained soil modulus, psi.
𝑅 = Effective radius of pipe, in.
𝐵 = non uniform stress distribution factor
𝑖𝑛.4

𝐼𝑔 = Moment of inertia, 𝑖𝑛.
𝑅𝑤 = water buoyancy factor
𝜙𝑠 = resistance factor for soil stiffness
𝐸𝑔 = Off axis modulus, psi
HENCE “SAFE”

where,
𝐵=

1
1 + 4𝑒 −0.065𝐻

where,
H = burial depth, ft

𝑓𝑐𝑟 > 𝑓𝑔
Else modify 𝑓𝑔 to 𝑓𝑐𝑟 and wall trust

Deflection Check
Pipe stiffness of GFRP from FEA

𝑃𝑆𝑔 = 61.6 psi

Bedding factor

𝐾𝑐 = 0.1

Deflection lag factor

𝐷1 = 1

Deflection

Δ𝑦 =
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𝐾𝑐 [ 𝐷1 𝑊𝑐 + 𝑊1 ]
0.419 𝑃𝑆𝑔 + 0.061 𝐸𝑆

Δ𝑦 = 0.224 in.
where,
𝐷1 = Deflection lag factor
𝐾𝑐 = Bedding factor
𝑃𝑆𝑔 = Pipe stiffness of GFRP, psi
𝑊𝑐 = Soil column load on pipe, lb./in.
𝑊1 = Live load, lb./in.
𝐸𝑆 = Modulus of soil reaction, psi
Deflection limit

7.5% of the base inside diameter = 1.5 in.

HENCE “SAFE”

Δ𝑦 < 1.5 in.

Pipe Deflection due to bending
𝑇1 𝐷𝑚
)
Deflection of pipe, reduction of vertical Δ = Δ𝑐 . 𝐷𝑚 − (
𝐴
𝐸
𝛾
𝑖
𝑔
𝑝
diameter due to bending
Δ = 1.020 in.
where,
Δ𝑐 = Deflection of pipe, construction Δ𝑐 = 0.05
induced deflection, limit 5%
𝐷𝑚 = Mean pipe diameter, in.
𝐷𝑚 = 𝑑0 − 2. 𝐶𝑔
𝛾𝑝 = Load factor, vertical earth pressure
𝐷𝑚 = 20.482 in.
𝐸𝑔 = Off axis modulus, psi
𝛾𝑝 = 1.5
𝐸𝑔 = Off axis modulus, psi

Factored bending strain

𝜀𝑏𝑢 = 𝛾𝑏 . 𝐷𝑓 (

𝐶𝑔
Δ
)( )
𝑅 𝐷𝑚

𝜀𝑏𝑢 = 0.005
where,
𝐷𝑓 = shape factor
𝛾𝑏 = 1.5
𝛾𝑏 = Load factor, combined strain
𝐷𝑓 = 2.9
𝑅 = Effective radius of pipe, in.
𝐷𝑚 = Mean pipe diameter, in.
Δ = Deflection, in.
𝐶𝑔 = distance from inside diameter to neutral
axis, in.
Factored compressive strain
where,

𝑇1
𝛾𝑏
𝜀𝑐𝑢 = 𝜀𝑏𝑢 + (
)( )
𝐴𝑖 𝐸𝑔 𝛾𝑝
𝜀𝑐𝑢 = 0.006
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𝜀𝑏𝑢 = Factored bending strain
𝑙𝑏𝑓
𝑇1 = Calculated wall thrust, 𝑖𝑛.
𝐸𝑔 = Off axis modulus, psi
𝑖𝑛.2

𝐴𝑖 = Wall area, 𝑖𝑛.
𝛾𝑏 = Load factor, combined strain
𝛾𝑝 = Load factor, vertical earth pressure

Factored tension strain
where,
𝜀𝑏𝑢 = Factored bending strain
𝑙𝑏𝑓
𝑇1 = Calculated wall thrust, 𝑖𝑛.
𝐸𝑔 = Off axis modulus, psi

𝜀𝑡𝑢 = 𝜀𝑏𝑢 − (
𝜀𝑡𝑢 = 0.005

𝑖𝑛.2

𝐴𝑖 = Wall area, 𝑖𝑛.
𝛾𝑏 = Load factor, combined strain
𝛾𝑝 = Load factor, vertical earth pressure
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𝑇1
𝛾𝑏
)( )
𝐴𝑖 𝐸𝑔 𝛾𝑝

HYDRAULIC DESIGN
CMP host pipe properties
Diameter of CMP

𝑑𝑠 = 24 in.

Slope of culvert

𝑆 = 0.001

Length of CMP culvert

𝑙𝑠 = 24 ft.

Manning’s coefficient of CMP

𝑛𝑠 = 0.024
3.14 𝑑𝑠 2
𝐴𝑠 = [
] 𝑖𝑛.2
4
𝑅𝑠 =

𝑑𝑠
4

in.

2
1.49
𝑓𝑡 3
. 𝐴𝑠 . 𝑅𝑠 3 √𝑆]
𝑛𝑠
𝑠𝑒𝑐
3
𝑓𝑡
𝑄𝑠 = 3.883
𝑠𝑒𝑐

𝑄𝑠 = [

GFRP pipe properties
Diameter of GFRP

𝑑𝑔 = 21 in.

Length of GFRP pipe

𝑙𝑔 = 24 ft.

Manning’s coefficient of GFRP

𝑛𝑔 = 0.00914
3.14 𝑑𝑠 2
𝐴𝑔 = [
] 𝑖𝑛.2
4
𝑅𝑔 =

𝑑𝑔
4

in.

2
1.49
𝑓𝑡 3
3
𝑄𝑔 = [
. 𝐴𝑔 . 𝑅𝑔 √𝑆]
𝑛𝑔
𝑠𝑒𝑐
3
𝑓𝑡
𝑄𝑔 = 6.271
𝑠𝑒𝑐

Hydraulic capacity is OK

𝑄𝑔 > 𝑄𝑠
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